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1 [bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
	A new study item (SI) on “Study on evolution of NR duplex operation” was approved in RAN#94-e [1]. According to the objectives of this SI, enhancements on dynamic/flexible TDD is to be studied. The discussions started in RAN1#109-e. This agenda item will basically focus on UE-to-UE and gNB-to-gNB CLI. The following agreement was made in RAN1#109-e [3].
Agreement
At least, following interference scenarios can be considered for study of dynamic/flexible TDD:
· gNB-to-gNB inter-cell co-channel interference
· UE-to-UE inter-cell co-channel interference
	With the introduction of flexible TDD in Rel. 15, UE-to-UE and gNB-to-gNB cross link interference (CLI) needed to be tackled in the network to ensure attaining maximum benefits from flexible TDD. E.g., Fig. 1 shows a network where the adjacent gNB are performing DL and UL in the same time-frequency resources. As a result of this, there is  UE-to-UE and gNB-to-gNB CLI in the system as shown in the figure. In this scenario, the DL from gNB 1 interferes with the UL signal received by gNB 2 from UE 2, and the UL from UE 2 interferes with DL signal received by UE 1 from gNB 1. In this case, the UE-to-UE CLI and gNB-to gNB CLI are inter-cell. In Rel. 16 study of CLI,  gNB-to-gNB CLI was left to implementation and several agreements were made for inter-cell UE-to-UE CLI.
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 Fig. 1 CLI between gNBs and UEs

In this contribution, we mainly focus on the UE-to-UE CLI management based on the agreement in RAN1#109-e [3].
Agreement
For study of potential enhancement to dynamic/flexible TDD and/or SBFD, followings are considered as candidates of potential enhancement method of UE-to-UE CLI handling, where further prioritization/down-scoping of candidate schemes for study can be done in the future meetings:
· Potential enhancements to UE-to-UE CLI measurement/reporting
· Coordinated scheduling
· Spatial domain enhancements, 
· Advanced Receiver 
· UE and gNB transmission and reception timing 
· Power control based solution
· Sensing based mechanism
· Note: Whether or not a particular scheme requires OTA or backhaul information exchange should be identified
· Note: Any other scheme(s) for UE-to-UE CLI handling is/are not precluded.
· Note: For potential enhancements to dynamic/flexible TDD and/or SBFD, utilize the outcome of discussion in Rel-15 and Rel-16 while avoiding the repetition of the same discussion.
· Note: Potential enhancement specific for SBFD will be discussed in 9.3.2
The next section discusses the potential areas of enhancements to the CLI management procedure. 
2 Potential areas of enhancements in flexible TDD 
	The UE-to-UE CLI management process in Rel. 16 can be broadly divided into 2 parts: Measurement of CLI and Reporting of CLI. In this section, the potential areas of enhancement for UE-to-UE CLI are discussed under these 2 broad categories. Apart from that, enhancements to accommodate advanced receiver techniques for UE-to-UE CLI are also described in this section.
2.1  Measurement of UE-to-UE CLI
· SRS enhancement for CLI
According to Rel. 16 SRS-RSRP measurement, victim UE performs CLI measurement on sounding reference signal (SRS) transmitted from the aggressor UE. The victim UE shifts its receiving boundaries by a constant implementation specific offset while receiving the SRS.  As per 38.133 [5], the time difference between UE’s DL reference timing in the serving cell and SRS arrival time is no larger than Terror_SRS_RSRP, where
-	Terror_SRS_RSRP = TC × NTA_offset + 4.67us for FR1 
-	Terror_SRS_RSRP = TC × NTA_offset + 3.67us for FR2 
-	NTA_offset is defined in Table 7.1.2-2
-	TC is 0.509ns
As illustrated in Fig 2A, the SRS symbol is transmitted from UE 2 (aggressor UE) with some timing advance (TA). The UE2 is served by gNB 2. The transmission boundary of gNB 2 is also shown in figure. In Fig. 2B, the SRS is received at UE 1 (victim UE), which is served by gNB 1, after a propagation delay of ‘t’ in case of an ideal scenario. Here, UE 1 has adjusted its reception boundaries to match with the transmission boundaries of its serving gNB (gNB 1). This adjustment is possible since UE 1 knows its own TA and  NTA_offset. Also, it is assumed that gNB 1 and gNB 2 are perfectly synchronized and hence the transmission boundary of gNB1 and gNB2 are same. In this case, the full SRS sequence can be received by UE 1 since the misalignment in reception is within the CP duration as shown in Fig. 2B. However, in practical scenarios, there is a synchronization error (max 4.67us for FR1 and 3.67us for FR2) between gNB 1 and gNB 2 which is unknown at UE 1.  This is illustrated in Fig 2C. Hence, the reception boundary at UE 1 still remains misaligned by a factor of the synchronization error even after adjustment. Thus, the misalignment in SRS reception by UE1 goes beyond the CP duration resulting in loss of information, especially in cases of small CP duration.  This will degrade the RSRP measured by the UE. 

[image: ]
Fig. 2 Transmission and reception boundaries of SRS at aggressor and victim UEs with and without gNB synchronization error
Observation 1: Factors like synchronization errors between gNB, smaller CP length in higher numerologies, higher propagation delay between the UEs causes the misalignment to go beyond CP duration while measuring the CLI on SRS as both the UEs are not time synchronized. 
The above mentioned issue can be solved by modifying the way of SRS transmission as illustrated in Fig. 3. Here, S1 and S2 are two SRS sequences (same sequence) in frequency domain. S2 is phase rotated by a certain factor  such that after taking IFFT and adding CP, time domain continuity is maintained over the 2 symbols. This is similar to Rel. 16 RIM RS. The proposed method of transmitting the symbol will ensure that the SRS misalignment does not go beyond the CP duration. As a result, SRS information is not lost despite the synchronization error between the gNB.  

[image: ]
Fig. 3 Phase rotated SRS transmission
A simple simulation based comparison for RSRP measurement between Rel. 16 SRS transmission and the proposed method of SRS transmission is shown in Fig. 4. The simulation assumes FR2 and corresponding synchronization error (3.67 us) between gNB. The measured RSRP is compared with the RSRP of a sequence without noise to calculate the error. The CP duration decreases as the numerology is increased. As a result, for constant synchronization error, more amount of SRS information is lost in Rel. 16 transmission scheme as numerology increases which degrades the RSRP. However, in case of the proposed method, the error in RSRP is independent of the numerology.  
[image: ]

Fig. 4 Comparison of error in SRS RSRP measurement for Rel. 16 SRS transmission and the proposed method
Observation 2: CLI RSRP accuracy improves when measured on phase rotated SRS symbols repeated in time domain.
Proposal 1: Repetition of phase rotated SRS symbol to maintain continuity in time domain is supported for CLI measurement.

[image: ]Fig. 5 Partially overlapping between BWPs of victim and aggressor UEs

· Enhancement to SRS configuration sharing

	Consider a scenario where the aggressor UE and the victim UE uses partially overlapping bandwidth parts (BWPs) as shown in Fig. 5. In this case, the aggressor UE will transmit SRS within its own allocated BWP as shown in Fig. 5 while victim UE can measure SRS RSRP only in the overlapping resources. Therefore, only a part of the SRS will be received by the victim UE for RSRP measurement. The aggressor UE generates and fills the SRS sequence from P1 as the reference point up to the end of its BWP. The victim UE should generate the same SRS sequence for correlating and obtaining the RSRP. However, the victim UE will assume that the SRS sequence is filled at the transmitter starting from P2 as the reference point.  As a result, in the overlapping portion of the 2 BWPs, there will be a mismatch between the sequence actually transmitted by the aggressor UE and the sequence assumed by the victim UE. Thus, there will be a mismatch in how the SRS sequence is filled by the aggressor and how SRS sequence is interpreted by the victim. This discrepancy will affect the accuracy of the measured RSRP. E.g., based on simulation analysis, a difference of 1RB between the 2 BWPs will result in an error of around 25 dB.

Observation 3:  In case of partial overlap of BWPs, the victim UE receives only a part of the SRS transmitted by the aggressor UE for measurement of CLI RSRP leading to mismatch in how the SRS sequence is filled by the aggressor and how SRS sequence is interpreted by the victim.

A knowledge of a common reference point across the gNB will help to tackle the problem. For example, wrt Fig. 5, point P1 is the common reference point that can be shared across the gNBs. As a result, the victim UE can generate the SRS sequence from point P1 instead of P2. This will ensure that the interpretation of the filled SRS sequence is same for both victim and aggressor UEs. Based on  simulation analysis, the error value reduces to an average of 0.2dB by considering a common reference point. Hence, the following proposal is made

Proposal 2: A common reference point for CLI RSRP measurement is exchanged across gNBs.
Further, different UEs across cells in a network might be operating at different numerologies. The following agreement made with respect to SRS RSRP in RAN1 Ad-Hoc Meeting 1901 [2],
Agreement
UE is not required to measure SRS using different SCS compared to the downlink active BWP SCS of the same carrier.
Thus, if the numerology of the downlink active BWP of the victim UE is different from the numerology of the transmitted SRS by aggressor UE, the victim UE will not measure the RSRP using the numerology of the transmitted SRS. E.g., the aggressor UE 2 operates at 30 kHz while victim UE 1 operates at 15 kHz in Fig. 1. The SRS for CLI measurement will be transmitted at 30 kHz by UE 2. However, UE 1  measures the received SRS using 15 kHz numerology. This discrepancy in the transmitted and received SRS numerologies will affect the accuracy of CLI RSRP measurement. 
Observation 4:  When aggressor and victim UE are operating at different numerology, discrepancy arises in the transmitted and received SRS numerologies  that will affect the accuracy of CLI RSRP measurement. 
The above mentioned issue can be handled in implementation specific ways if the gNB serving the victim UE is aware of the numerology of SRS transmission by aggressor UE and it informs the victim UE to process SRS using the numerology of the aggressor. Hence, the following proposal is made. 
Proposal 3: Numerology of transmission of SRS is exchanged across gNBs for CLI measurement.
2.2 Reporting of UE-to-UE CLI

	In Rel. 16 CLI management, the receiving victim UE is semi-statically configured by the gNB to perform L3 reporting of SRS-RSRP when the measured RSRP goes beyond a particular threshold. The agreement in RAN1 Meeting Ad-Hoc Meeting 1901 [2] was as follows:
Agreement
For SRS-RSRP measurement report, L3 measurement reporting is applied.
Dynamic reporting and handling of CLI is not possible with L3 reporting. Moreover, L3 report provides the time averaged CLI reflecting the long-term fading of the channel. However, CLI varies with dynamic scheduling and hence dynamic reporting should be supported. Therefore, L1 reporting of CLI is supported.

Observation 5:  CLI varies with dynamic scheduling in flexible TDD scenario.

Proposal 4: Mechanism for L1 reporting of CLI is supported.

	Further, referring to Fig. 6, if UE 2 can form a null in the direction of UE 1 while performing its UL transmission to gNB 2, the CLI from UE 2 to UE 1 can be minimized. Rel. 16 CLI management does not define any procedure for CLI to be handled at the transmitter side. However, enabling CLI management at the transmitter side will have some advantages, especially in case where the victim UE is a legacy Release 15 UE which is not capable of measurement and reporting of CLI. In such cases, the serving gNB of the aggressor UE can acquire information regarding the location/direction of the victim UE from its serving gNB and configure aggressor UE to null form in the direction of victim UE. Here, the serving gNB of the victim UE can identify a UE as victim UE based on conditions like whether it is a cell edge UE experiencing a high amount of interference. Similar scenario can be considered where the aggressor UE is a legacy Release 15 UE. Its serving gNB can obtain the information about the victim UE and inform an optimum beamforming precoder to the aggressor. Since, the legacy UE is already capable of receiving information on precoders, the optimum beamforming precoder can be informed to it without any new signaling. Apart from the scenarios involving legacy UEs, Rel. 18 and beyond UEs can also benefit from it. Thus, any aggressor UE in the network can be configured to perform an optimum beamforming to minimize CLI.  

Observation 6: Transmit beamforming techniques will be helpful to manage CLI in a network.
[image: ]
Fig. 6 Transmit side beamforming to suppress CLI

An assistance information can be sent by UE 1 or gNB 1 to gNB 2 which can help the aggressor UE to nullform in the direction of UE 1. The assistance information can be e.g., direction information, a nullforming precoder etc. This will ensure a way of optimum beamforming at the aggressor UE to minimize the CLI it causes. 

Proposal 5: Assistance information about victim UE is provided by its serving gNB to the serving gNB of the aggressor UE to aid optimum transmit beamforming for CLI management.

2.3 Advanced Receiver techniques
	Advanced receivers like linear minimum mean square error- interference rejection combining (LMMSE-IRC) and  E-LMMSE-IRC are capable of suppressing interference. In case of  LMMSE-IRC, the interference covariance matrix is required at the receiver whereas for  E-LMMSE-IRC, interference channel of the dominant interference is required. To measure the interference channel at the UE, certain reference signal (RS) pattern is necessary.  
	In the first case, a scenario is considered where a UE is configured to measure CLI on some SRS resource. Since, SRS has a comb pattern, the REs where SRS sequence is not filled can be used by the gNB for DL communication to other UEs. To enable this, a rate matching pattern equivalent to the SRS comb structure is required in DL. However, currently in NR, there is no such rate matching pattern available. 
Observation 7: Rate matching pattern corresponding to SRS is not available for DL.
A rate matching pattern equivalent to the SRS comb structure in DL will ensure that the UE measures a clean channel estimate of the interference channel which can be used in advanced receivers to suppress the interference. Fig. 7 shows the pattern.
[image: ]
Fig. 7  Rate matching pattern for SRS in DL
In the second case, a scenario is considered where UE only needs to measure the interference channel to use in advanced receiver and need not report the CLI to the gNB. In this case, a CSI-IM can be configured to the victim UE where it can measure the interference. If the CSI-IM pattern corresponds to the transmitted SRS pattern from the aggressor UE, then the victim UE can measure the clean interference channel on the CSI-IM. Fig. 8 shows the CSI-IM pattern. 
[image: ]Fig. 8  CSI-IM pattern
Observation 8: CSI-IM pattern corresponding to SRS comb pattern will help in measuring the interference channel on SRS. 
	The authors of [4] provides such RS patterns for different numerologies as well as for interference channel measurement. An example simulation result is shown in Fig. 9. The figureshows the plot of BER vs. SNR in dB for one dominant interferer at SIR 0 dB with a numerology factor (NF) of 2. The interference channel estimated with proposed RS design along with E-LMMSE-IRC improves the BER as compared to LMMSE-IRC and LS algorithms in which case interference channel estimation is not required.  (n x m in figure legend represents n transmit antennas and m receive antennas).
[image: ] 
Fig Performance comparison of using advanced receivers for interference suppression
Observation 9: Using estimated interference channel in advanced receivers improves interference suppression.
Proposal 6: Rate matching pattern corresponding to SRS in supported in DL.
Proposal 7: CSI-IM pattern corresponding to SRS pattern is supported. 
2.4 Sharing of Rel. 16 SRS configuration across gNBs
Rel. 16 CLI management requires the aggressor to transmit SRS and the victim to measure CLI on the transmitted SRS. Hence, the configuration of the SRS transmitted by the aggressor should be known by the serving gNB of the victim UE to ensure proper measurement configuration is given to the victim. This requires the SRS configuration parameters to be shared between the aggressor and victim gNBs. However, Rel. 16 does not specify the parameters to be shared. 
Observation 10: Rel. 16 CLI management does not specify required SRS configuration parameters for CLI measurement to be shared across gNBs.
Proposal 8: Sharing of Rel. 16 CLI management related SRS configuration parameters across gNBs is supported.
3 Conclusion
In this contribution, the following observations and proposals are made, 
Observation 1: Factors like synchronization errors between gNB, smaller CP length in higher numerologies, higher propagation delay between the UEs causes the misalignment to go beyond CP duration while measuring the CLI on SRS as both the UEs are not time synchronized. 
Observation 2: CLI RSRP accuracy improves when measured on phase rotated SRS symbols repeated in time domain.
Proposal 1: Repetition of phase rotated SRS symbol to maintain continuity in time domain is supported for CLI measurement.
Observation 3:  In case of partial overlap of BWPs, the victim UE receives only a part of the SRS transmitted by the aggressor UE for measurement of CLI RSRP leading to mismatch in how the SRS sequence is filled by the aggressor and how SRS sequence is interpreted by the victim.

Proposal 2: A common reference point for CLI RSRP measurement is exchanged across gNBs.
Observation 4:  When aggressor and victim UE are operating at different numerology, discrepancy arises in the transmitted and received SRS numerologies  that will affect the accuracy of CLI RSRP measurement. 
Observation 5:  CLI varies with dynamic scheduling in flexible TDD scenario.

Proposal 4: Mechanism for L1 reporting of CLI is supported.

Observation 6: Transmit beamforming techniques will be helpful to manage CLI in a network.

Proposal 5: Assistance information about victim UE is provided by its serving gNB to the serving gNB of the aggressor UE to aid optimum transmit beamforming for CLI management.
Observation 7: Rate matching pattern corresponding to SRS is not available for DL.
Observation 8: CSI-IM pattern corresponding to SRS comb pattern will help in measuring the interference channel on SRS. 
Observation 9: Using estimated interference channel in advanced receivers improves interference suppression.
Proposal 6: Rate matching pattern corresponding to SRS in supported in DL.
Proposal 7: CSI-IM pattern corresponding to SRS pattern is supported. 
Observation 10: Rel. 16 CLI management does not specify required SRS configuration parameters for CLI measurement to be shared across gNBs.
Proposal 8: Sharing of Rel. 16 CLI management related SRS configuration parameters across gNBs is supported.
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