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1 Introduction
RAN#97-e endorsed the revised Rel-18 study items on “Study on evolution of NR duplex operation” [1]. The objectives for this SI are shown below:
	In this study, the followings are assumed:
· Duplex enhancement at the gNB side
· Half duplex operation at the UE side
· No restriction on frequency ranges

The detailed objectives are as follows:
· Identify applicable and relevant deployment scenarios (RAN1).
· Develop evaluation methodology for duplex enhancement (RAN1).
· [bookmark: _Hlk89796625]Study the subband non-overlapping full duplex and potential enhancements on dynamic/flexible TDD (RAN1, RAN4).
· Identify possible schemes and evaluate their feasibility and performances (RAN1).
· Study inter-gNB and inter-UE CLI handling and identify solutions to manage them (RAN1). 
· Consider intra-subband CLI and inter-subband CLI in case of the subband non-overlapping full duplex.
· Study the performance of the identified schemes as well as the impact on legacy operation assuming their co-existence in co-channel and adjacent channels (RAN1).
· Study the feasibility of and impact on RF requirements considering adjacent-channel co-existence with the legacy operation (RAN4).
· Study the feasibility of and impact on RF requirements considering the self-interference, the inter-subband CLI, and the inter-operator CLI at gNB and the inter-subband CLI and inter-operator CLI at UE (RAN4).
· Note: RAN4 should be involved early to provide necessary information to RAN1 as needed and to study the feasibility aspects due to high impact in antenna/RF and algorithm design, which include antenna isolation, TX IM suppression in the RX part, filtering and digital interference suppression.
· Summarize the regulatory aspects that have to be considered for deploying the identified duplex enhancements in TDD unpaired spectrum (RAN4).
Note: For potential enhancements on dynamic/flexible TDD, utilize the outcome of discussion in Rel-15 and Rel-16 while avoiding the repetition of the same discussion. 


[bookmark: _GoBack]In this contribution, we show inter-UE CLI test results when SBFD operation is adopted. The feasibility of SBFD operation and the potential impacts on DL reception are discussed. The work incorporated below is co-sourced by Samsung. 

2 Inter-UE CLI Test 
 One concern of SBFD operation is how much DL performance is degraded by interference. When SBFD operation is adopted at a gNB, a UE may suffer from multiple types of interference. The first type of interference is gNB-UE co-channel intra-subband interference where the DL signal from a gNB in neighboring cell interferes the desired UL signal from a UE. The gNB-UE co-channel intra-subband interference is the same as the legacy DL interference in a legacy TDD network so that this is not a new type of interference introduced in SBFD operation. Therefore, the first type of interference is skipped in the inter-UE CLI test. 
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Figure 1. Illustration on Inter-UE CLI Scenarios

The second type of interference is UE-UE co-channel inter-subband CLI where the UL transmission of an aggressor UE on a first set of RBs in a carrier interferes to DL reception of a victim UE on a second set of RBs in the same carrier. This is shown in the upper part of Figure 1. The victim UE and the aggressor UE can be positioned in the same cell or different cells. If both of the victim UE and the aggressor UE are associated in the same cell, the gNB may control scheduling information to avoid strong UE-UE co-channel intra-subband CLI (i.e., intra-cell coordinated scheduling). However, if both are associated in the different cells, it is hard to apply coordinated scheduling across the different cells. Therefore, the UE-UE co-channel intra-subband CLI is inevitable. 
The third type of interference is UE-UE adjacent channel CLI, which is caused by UL transmission of the aggressor UE in a carrier to DL reception of the victim UE in another adjacent carrier. This is shown in the lower part of Figure 1. Here, two adjacent carriers are served by two different operators, respectively, so that a first operator cannot know scheduling information or presence of the aggressor/victim UE associated with a second operator. It means that there is possibility for the aggressor UE and victim UE to be located within a certain small distance resulting high UE-UE adjacent channel CLI.
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Figure 2. Victim UE’s processing chain
It is worth noting that the first set of RBs for UL transmission and the second set of RB for DL reception is not overlapped in the UE-UE co-channel inter-subband CLI and the adjacent-channel CLI, which means that ideally the UL transmission of the aggressor UE cannot be measured at the DL reception of the victim UE due to orthogonality of an OFDM waveform. However, due to non-linearity of TX RF circuit (including PA, DPD, CFR, IQ imbalance, imperfect oscillator, etc), the UL signal from the aggressor UE in the first set of RBs for UL transmission leaks to the second set for DL reception of the victim UE. A UE has in-band emission (IBE) requirement for co-channel and adjacent channel leakage ratio (ACLR) for adjacent channel defined in TS38.101-1 for FR1 and TS38.101-2 for FR2, which is quite loose than gNB’s IBE/ACLR requirement. Therefore, the TX leakage is non-negligible so that the UE-UE co-channel inter-subband CLI should be taken into account when DL performance of SBFD operation is evaluated. One can consider additional IBE/ACLR requirements to suppress the leakage additionally. However, the deployed legacy UEs only follow the legacy IBE/ACLR requirements so that we cannot use the new IBE/ACLR requirements for inter-UE CLI test.
Figure 2 illustrates a potential DL power performance degradation in the victim UE’s processing chain due to receiver impairments. The received signal at RX antenna of the victim UE is the composite of the desired signal from gNB and inter-UE CLI (including both co-channel and adjacent channel) from aggressor UEs. In the processing chain, there are two major blocks to generate DL performance degradation. One is ADC in RF domain, another is FFT block in digital domain. In more detail, if the inter-UE CLI is far larger than the desired signal, the digitized signal after the ADC has no valid information due to limited dynamic range of ADC, so called ADC saturation. Therefore, further digital domain processing is not helpful to recover the desired signal. It means that the inter-UE CLI strength should be kept below a certain threshold or ADC with much higher dynamic range capability should be equipped. Note that the latter approach is not feasible since the deployed legacy UEs cannot have the ADC with higher dynamic range capability. Assume that the ADC is not saturated. In digital domain, the input of FFT block is sum of the desired signal and interference signal. Therefore, by performing FFT operation to the signal, power of the interference signal leaks to the designed signal (which called spectral leakage by FFT block) because the interference signal may be unaligned with the desired signal in time domain. 

 To evaluate the second and third type of interference, hereafter simply inter-UE CLI, we build inter-UE CLI test environment, which is shown in Figure 3. The set-up consists of BS test equipment for representing gNB, Signal generator for representing the aggressor UE, and the victim UE, all of which are surrounded by shielding box to eliminate other source of interferences.
The BS test equipment uses EN-DC operation to serve NR service, where LTE carrier (2.0GHz band) is used for Anchor cell and NR carrier (3.7~3.8GHz band) is attached to the victim UE. The BS test equipment is to transmit PDCCH and PDSCH to the victim UE. The parameters used in the BS test equipment are summarized in Table 1 of Appendix. The signal generator generates aggressor UE’s CLI, including co-channel CLI (the second type) in the same NR carrier (3.7~3.8GHz band) or adjacent-channel CLI (the third type) in the adjacent carrier (3.6~3.7GHz band). Note that, for co-channel inter-UE CLI, we insert no guard RBs to separate/isolate a set DL RBs (DL subband) and a set of UL RBs (UL subband). The signal generator (the aggressor UE) can transmit PUSCH toward the victim UE in a slot, where the victim UE is scheduled to receive PDSCH. The detail parameters used in signal generator and the victim UE are summarized in Table 2 and Table 3 of Appendix, respectively. 
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Figure 3. Inter-UE CLI Test set-up

Figure 4 illustrates the Inter-UE CLI test environment, where UL subband occupying 51 RBs (almost 20MHz with 30kHz sub-carrier spacing) among 273 RBs (almost 100MHz with 30kHz sub-carrier spacing). The PUSCH transmitted by the signal generator (aggressor UE) occupies 1 UL RB and the PDSCH received by the victim UE occupies 1 DL RB and there are no guard RBs between the DL RB and the UL RB. So, this environment may result in the worst-case inter-UE CLI. The transmit power of the BS test equipment is set to meet that the SS-RSRP measured at the victim UE is -95dBm (representing high RSRP regime) or -110dBm (representing low RSRP regime). To evaluate the inter-UE CLI impacts according to different UE-UE distance, e.g., 0.1m, 1m or 10m, the transmit power of the signal generator (aggressor UE) is set properly. The detail parameters used in inter-UE CLI test environment is summarized in Table 4.
Additionally, we apply two methods in the inter-UE CLI test. One is “BWP off” method, where the victim UE’s DL BWP includes all 273 RBs in a NR carrier, which includes DL subband and UL subband. So, the victim UE receives all signals including inter-UE CLI in the DL BWP and performs FFT with the given DL BWP. Since the inter-UE CLI is also entered as an input of FFT, there is additional spectral leakage. Another method is “BWP on” method, where the victim UE’s DL BWP includes 51 RBs in DL subband only, not UL subband at all. The victim UE can adjust its RF bandwidth and sampling rate aligning with the DL BWP so that it can suppress the spectral leakage from UL subband of the aggressor UE. Note that, in “BWP on” method, the victim UE can adjust sampling point taking into account the inter-UE CLI on UL subband from the aggressor UE by help of lower sampling rate. 
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Figure 4. Inter-UE CLI Test environment

Test scenario 1: inter-UE Co-channel CLI according to UE-UE distance with/without BWP operation
In Figure 5, the MCS option to meet 10% BLER requirement is obtained according to the different transmit power of the signal generator when the victim UE is in the high RSRP regime (i.e., RSRP = -95dBm). In x-axis, 15dB, 35dB, and 55dB correspond to 10m, 1m and 0.1m inter-UE distance, respectively. With “BWP off” operation (blue), the MCS option is the highest one, i.e., 64QAM can be used, when the inter-UE distance is less than 1m. However, the MCS option is rapidly degraded when the inter-UE distance becomes shorter than 1m. For example, the inter-UE distance is nearly 0.1m, then the victim UE only allows to use the lowest MCS option, i.e., QPSK. Such a high DL performance degradation is due to spectral leakage of UL transmission from the aggressor UE. To reduce the spectral leakage, we can use “BWP on” operation (red). By using “BWP on” operation, the DL SINR can be improved by about 15dB at nearly 1m inter-UE distance. So, it can provide higher MCS option (i.e., from MCS 9 to MCS 27). The performance gain of “BWP on” operation disappears when the inter-UE distance become 0.1m, where the victim UE experiences severe inter-UE CLI from the aggressor UE, so that the ADC is saturated. 
[image: ]
Figure 5. MCS versus Tx power of signal generator

Observation 1. For the victim UE in the high RSRP regime (RSRP = -95 dBm), 
· When the inter-UE distance < 1 m, the victim UE is suffered from the inter-UE co-channel CLI.
· When the inter-UE distance < 1 m, DL SINR can be improved by 5~15 dB with “BWP on” operation. 
· However, if the power difference exceeds a certain value, “BWP on” operation gives no DL gain performance.

Test scenario 2: inter-UE Co-channel CLI according to # of guard RBs with/without BWP operation
In Figure 6, the MCS option to meet 10% BLER requirement is obtained according to the different number of guard RBs when the victim UE is in the high RSRP regime (i.e., RSRP = -95dBm) (left hand side) and when the victim UE is in the low RSRP regime (i.e., RSRP = -110dBm) (right hand side). In test scenario 2, the victim UE and the aggressor UE are operated in the same carrier frequency, i.e., 3.7~3.8GHz n78 band. The 13 RBs, 83 RBs and 111 RBs represent 5MHz, 30MHz, and 40MHz guard band, respectively. 
It is evident that the guard RBs can suppress the inter-UE CLI because the spectral leakage by the FFT block is mainly populated in the boundary of the UL RB. The guard RBs can provide a sufficient distance between the DL RB and the UL RB. For example, when the victim UE is in the high RSRP regime, about 13 guard RBs (5MHz) are enough to provide the highest MCS option in case of “BWP off” operation. When “BWP on” operation is used, the required number of guard RBs is even reduced. Almost 2 guard RBs is enough to provide the highest MCS option. Hence, we can conclude that “BWP on” operation can provide higher spectral efficiency and DL throughput by reducing the number of guard RBs (here, more than 10 guard RBs can be removed when “BWP on” operation is used)
 When the victim UE is in the low RSRP regime (i.e., RSRP = -110dBm), we can also observe that the guard RBs can improve DL performance. However, due to low RSRP, the DL performance cannot be recovered by introducing a large number of guard RBs. For example, even if more than 13 RBs (5MHz) are used for guard RBs, the MCS option cannot reach the highest MCS option, i.e., 25. It is because the signal after the ADC has been already deteriorated by the limited dynamic range of ADC. 


[image: ][image: ]
Figure 6. MCS versus # of guard RBs (co-channel CLI)

Observation 2. For the victim UE in the high RSRP regime (RSRP = -95 dBm),  
· Even when the inter-UE distance < 0.1 m, the spectral leakage can be mitigated by using guard RB
· In addition, when the BWP is used, the number of guard RBs can be reduced by more than 10 RB and spectral efficiency can be improved.
For the victim UE in the low RSRP regime (RSRP = -110 dBm),
· When the inter-UE distance < 1 m, the DL performance is still degraded even with the higher number of guard RBs due to limited dynamic range of ADC

Test scenario 3: inter-UE adjacent-channel CLI according to # of guard RBs with/without BWP operation
Figure 7 shows the MCS option to meet 10% BLER requirement is obtained according to the different number of guard RBs when the victim UE is in the high RSRP regime (i.e., RSRP = -95dBm) (left hand side) and when the victim UE is in the low RSRP regime (i.e., RSRP = -110dBm) (right hand side). In test scenario 3, the victim UE is operated in a carrier in 3.6~3.7GHz n78 band, while the aggressor UE is operated in an adjacent carrier in 3.7~3.8GHz n78 band. 
Similarly as in Test scenario 2, we can observe the DL performance gain of guard RBs and “BWP on” operation. Note that, when the victim UE is in the high RSRP regime, the performance gain of guard RBs in Test scenario 3 is not much better than the inter-UE co-channel CLI in Test scenario 2 because there is a guard band to protect interference from an adjacent channel. On contrary, when the victim UE is in the low RSRP regime, the performance gain of guard RBs in Test scenario 3 is substantial because the additional frequency isolation is beneficial to block the strong inter-UE CLI. The number of guard RBs to obtain good MCS option is nearly 83 RBs (30MHz) or 111 RBs (40MHz). However, as in Test scenario 2, the optimal MCS cannot be achieved even if the large number of guard RBs are inserted. It is because the ADC is already saturated. 
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Figure 7. MCS versus # of guard RBs (adjacent-channel CLI)


Observation 3. For the victim UE in the high RSRP regime (RSRP = -95 dBm), 
· Inter-UE adjacent-channel CLI is mitigated by using the guard RB and “BWP on” operation. 
For the victim UE in the low RSRP regime (RSRP = -110 dBm),
· the DL performance is still degraded (same as the inter-UE co-channel CLI case)
· Spectral leakage can be mitigated with the wider guard band (e.g., more than 40 MHz )
· However, limited dynamic range is inevitable when band-wise RF filtering is applied during UE processing

With the observations so far, we propose to study potential impacts on DL performance by the number of guard RBs and “BWP on” operation (i.e., low sampling rate by smaller DL BWP size). 
Proposal 1. RAN1 to evaluate impacts of inter-UE adjacent-channel CLI and investigate the feasibility of mitigation methods for inter-UE adjacent channel CLI.

In the last RAN1#110 meeting, RAN1 agreed to study SBFD scheme within a single configured DL and UL BWP pair with aligned center frequencies as baseline. The remaining FFS is whether to study the feasibility and potential benefit of SBFD scheme with more than one configured DL and UL BWP pairs. As we observed in Observation 1, 2, and 3, the smaller BWP can suppress the inter-UE CLI (compared to the BWP including all RBs) by help of lower sampling rate. The performance of the BWP adaptation method can improve ~15dB or reduce the number of guard RBs. Therefore, it would be better to study the potential benefit of SBFD scheme with more than one configured DL and UL BWP pair to utilize BWP adaptation based inter-UE CLI suppression. 
Proposal 2. RAN1 to study the feasibility and potential benefit of SBFD scheme with more than one configured DL and UL pair with aligned/unaligned center frequencies for a DL and UL BWP pair.

3 Conclusion
In this contribution, we made the following observations and proposals:
Observation 1. For the victim UE in the high RSRP regime (RSRP = -95 dBm), 
· When the inter-UE distance < 1 m, the victim UE is suffered from the inter-UE co-channel CLI.
· When the inter-UE distance < 1 m, DL SINR can be improved by 5~15 dB with “BWP on” operation. 
· However, if the power difference exceeds a certain value, “BWP on” operation gives no DL gain performance.
Observation 2. For the victim UE in the high RSRP regime (RSRP = -95 dBm),  
· Even when the inter-UE distance < 0.1 m, the spectral leakage can be mitigated by using guard RB
· In addition, when the BWP is used, the number of guard RBs can be reduced by more than 10 RB and spectral efficiency can be improved.
For the victim UE in the low RSRP regime (RSRP = -110 dBm),
· When the inter-UE distance < 1 m, the DL performance is still degraded even with the higher number of guard RBs due to limited dynamic range of ADC
Observation 3. For the victim UE in the high RSRP regime (RSRP = -95 dBm), 
· Inter-UE adjacent-channel CLI is mitigated by using the guard RB and “BWP on” operation. 
For the victim UE in the low RSRP regime (RSRP = -110 dBm),
· the DL performance is still degraded (same as the inter-UE co-channel CLI case)
· Spectral leakage can be mitigated with the wider guard band (e.g., more than 40 MHz )
· However, limited dynamic range is inevitable when band-wise RF filtering is applied during UE processing
Proposal 1. RAN1 to evaluate impacts of inter-UE adjacent-channel CLI and investigate the feasibility of mitigation methods for inter-UE adjacent channel CLI.
Proposal 2. RAN1 to study the feasibility and potential benefit of SBFD scheme with more than one configured DL and UL pair with aligned/unaligned center frequencies for a DL and UL BWP pair.
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Appendix
Table 1. BS test equipment parameters
	BS test equipment (gNB) parameters

	Operating Frequency 
	NR
	Co-channel CLI
	3.7~3.8 GHz (n78) band

	
	
	Adjacent CLI
	3.6~3.7 GHz (n78) band

	
	LTE Anchor
	2.0GHz (B1) band

	Link adaptation
	On 
(Initial MCS: 0, Max. MCS: 28)

	MCS table
	64 QAM

	PDSCH target BLER
	10 %

	PDCCH AL., PDCCH candidate
	4, 2

	gNB antenna
	1 Tx / 1 Rx

	DL layer / UL layer
	1 / 1

	PUSCH power control
	change according to gNB’s ‘target power’

	Timing advance
	13.02 [us]



Table 2. Signal generator parameters
	Signal generator (aggressor UE) parameters

	Aggressor UE antenna 
	1 Tx

	PUSCH MCS
	2

	MCS table
	64QAM



Table 3. Victim UE parameters
	Victim UE parameter

	Victim UE antenna 
	4 Rx



Table 4. Test parameters
	Signal generator’s power [dBm/RB]
	Co-channel: based on OLPC
Inter-operator: Maximum UE power

	Victim UE’s SS-RSRP [dBm/SCS]
	-95, -110

	# of UL RBs
	1

	# of DL RBs
	1

	# of Guard RBs
	0

	Time offset between DL and UL 
	13 us

	Size of DL BWP
	51 RB (20 MHz)



image3.png
Synchronization + Offset

BS test
equipment

Signal
Generator

Signal
Analyzer

LTE
(Anchor)

NR

Victim UE

i Aggressor
signal (UL)

Shield box





image4.png
SS-RSRP: -110dBm

SS-RSRP: -95dBm

10.0m

istance
between UEs

DL UL
I I

Distance from BS

3.70GHz 3.75GHz 3.80GHz
[ER—SE ]
BWP ON

BWP OFF

D Victim UE

Aggressor UE




image5.png
Victim UE’s SS-RSRP =-95 dBm

30
L ° ° o
25
20
w
§ 15 dB gain
1 of DLSINR
10 —e— W/ interference
—e— BWP OFF
5 |{ —e- BWPON

0
Tx power of signal -35
generator [dB] 15

(10m) (1m) (0.1m)





image6.png
Mcs

30

SS-RSRP =-95 dBm region; PL0.1 m

25
20
15
10

5

0
(0RB)

(1RB)

—e— W/ interference
—e— BWP OFF
—e— BWPON

(2RBs) (5RBs) (13RBs) (83RBs) (111RBs)

# of Guard RBs




image7.png
Mcs

30

25

20

15

10

5

0

SS-RSRP =-110 dBm region; PL1 m

—e— W/ interference
-e— BWP OFF
—e— BWP ON

(ORB)  (1RB) (2RBs) (5RBs) (13RBs) (83RBs) (111RBs)

# of Guard RBs




image8.png
Mcs

30

SS-RSRP =-95 dBm region; PL0.1 m

25
20
15
10

5

0
(0RB)

(1RB)

—e— W/ interference
—e— BWP OFF
—e— BWPON

(2RBs) (13RBs) (83RBs) (111RBs)

# of Guard RBs





image9.png
Mcs

30

SS-RSRP =-110 dBm region; PL0.1 m

25
20
15
10

5

0
(0RB)

(1RB)

—e— W/ interference
—e— BWP OFF
—e— BWPON

(2RBs) (13RBs) (83RBs) (111RBs)

# of Guard RBs





image1.png
3.7GHz freq. band

her operator's BS

—

Other operator'sfreq.band  KDDI's freg, band
Otheroperator'sUE  (3.6GHz freq. band) (3.7GHz freq. band)





image2.png
O Desired signal © The lack of ADC dynamic range due to the power difference between

RX Antenna desired signal and interference signal
0"
BS o~
K
o CP removal . .
< s/P i H Demodulation
Interference
signal L Y )L Y \ )
Aggressor UE RF domain Digital domain

Victim UE’s processing chain

© Spectral leakage due to FFT conducted for desired
signal and interference signal simultaneously





