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Introduction
The SID for NR duplex evolution aims to identify solutions and evaluate their feasibility to provide enhanced UL coverage, reduced latency, improved system capacity, and improved configuration flexibility for NR TDD operation in unpaired spectrum [1].
In this contribution, we discuss the potential for several candidate enhancement methods which were agreed for possible study in RAN1#109-e to improve gNB-to-gNB and UE-to-UE CLI handling for dynamic/flexible TDD. These include, CLI measurement and reporting, coordinated scheduling, spatial domain enhancements, advanced receiver, transmission and reception timing, power-control based solutions, RIM enhancements and sensing based mechanisms.

Background
The co-deployed NR TDD networks of operators in an operating band are assumed to be synchronized in the same coverage area. Rural, macro, or suburban micro cell deployments of networks of different operators usually must align their UL/DL split. UTC clock synchronization, site engineering solutions, and inter-operator agreements are necessary to coordinate the TDD deployments. gNB-to-gNB adjacent channel interference is of particular concern due to the usually high transmitter power of macro base stations deployed for the coverage layer in above-rooftop deployments. Current 3GPP UE and network-side RF and RRM performance requirements for TDD have been derived under the assumption of time-synchronized and UL/DL-aligned TDD operation. Note that in many countries, regulatory requirements currently still mandate inter-operator TDD frame and time synchronization to avoid interference for TDD network deployments in the same band.
When compared to the earlier LTE TDD networks, NR TDD uses higher FR1 frequency bands in the NR mid-band, e.g., n78 (3.5 GHz). Signal propagation in the higher NR mid-band is more attenuated when compared to the lower NR mid-band and the NR low band. NR TDD benefits from the availability of massive MIMO and the use of DL/UL beamforming. Better spatial separation and isolation between TDD transmitters becomes possible. NR TDD in FR2 is subjected to even larger signal attenuation. Therefore, more potential for NR TDD to use flexible TDD operation exists.
Rel-15 NR core specifications provide already much flexibility to configure the UL/DL split according to the needs of the gNB. Quite many techniques to support TDD duplexing flexibility and CLI handling were already discussed and evaluated during the NR SI. These included techniques in the categories of advanced receiver design (IC/IS), hybrid dynamic/static UL/DL resource assignment, scheduling coordination, beam coordination, link adaptation, power control, sensing, cell/TRP clustering, OTA signaling, co-channel multiple connectivity, load- or link-based resource, or scheduling adaptation. The Rel-16 WI CLI and RIM introduced additional specification support to mitigate inter-cell TDD interference.

Enhancements for Dynamic/Flexible TDD
CLI measurements and reporting including RIM
Due to the high transmit power of wide area base stations in over-the-rooftop deployments intended for coverage, gNB-to-gNB interference dominates co- and adjacent channel CLI in urban macro cell deployments. This applies to TDD deployments with co-located or co-sited gNBs from different operators, but also to non-collocated TDD deployments. Without additional mitigation measures such as inter-operator coordination, the resulting small coupling loss between the base stations of different operators in adjacent channels can result in an increase of the noise floor of several dBs even at distances of many km away. For TDD macro cell deployments across different sites, avoidance of LoS conditions is one particular concern. Therefore, most TDD macro cell deployments in the NR mid-band are likely to continue using synchronized and UL/DL aligned TDD operation.
Observation 1: gNB-to-gNB interference dominates co- and adjacent channel CLI in NR FR1 rural and urban macro deployments

TDD urban micro cell deployments usually use smaller transmit power levels when compared to wide area base stations. One deployment challenge is the comparatively high base station density for average ISD in the range of 200 - 250m observed in the urban deployment grid. gNB-to-gNB interference cannot easily be avoided due to the high network density and their DL and UL performance is usually interference limited. For these types of TDD deployments, benefiting from gains theoretically possible when using dynamic TDD operation is therefore particularly challenging in practice. It must also be considered that TDD urban micro cells often carry the highest average traffic loads of the network. These cells benefit least from short or mid-term UL/DL traffic ratio variations, because many UEs are typically being served simultaneously.
Observation 2: TDD urban micro deployments experience high gNB-to-gNB CLI and are subjected to high offered traffic loads

Hotspot and factory floor TDD deployments are often more isolated due to being located indoors. Local area base stations use much reduced transmit power in many cases. The smaller form factor of network equipment often results in more balanced UL and DL link budgets when compared to the TDD urban macro or micro deployments. Such hotspot and factory floor TDD cells typically experience much higher variations of the DL to UL traffic ratio. Fewer UE are present especially in the indoor hotspot case. When a UE is scheduled, the adaptation of the UL/DL split by the gNB to the traffic being served can bring very significant improvements to achievable latency and peak throughput. Factory deployments are more divers. The number of UEs can vary more widely as can their required service requirements, e.g., in a range from low or intermittent DL or UL data transfer, video upload to the need to support time-synchronized networking. Inter-operator arrangements and site solutions may still be required in some cases, e.g., to avoid LoS conditions with respect to the high transmit power TDD urban macro sites. Synchronization may be required for the needs of TSN, but not necessarily for purpose of co-deployment with the TDD macro coverage layer of an operator. TDD small cell deployments serve the capacity layer of the deployment grid. These are therefore of particular interest for improved configuration flexibility to use dynamic TDD.
Observation 3: TDD indoor hotspot and factory deployments offer most potential for improved configuration flexibility to use dynamic TDD

The Rel-16 CLI feature is intended for dynamic TDD operation in small cell deployments. gNBs can exchange and coordinate the intended TDD UL-DL configuration over Xn and F1 interfaces. The gNB can then decide the transmission and reception pattern to either avoid creating CLI towards a neighbor cell or to incur CLI from a neighbor cell. Two different types of UE reportable CLI measurements were specified: CLI-RSSI and SRS- RSRP. For CLI-RSSI measurements, the victim UE measures the total received power over the configured CLI-RSSI measurement resource(s). For SRS-RSRP measurements, the victim UE measures the RSRP over configured SRS resource(s) which are transmitted from one or multiple aggressor UEs. These measurements are L3 filtered. Event triggered and periodic reporting are supported. Note that it cannot be assumed that the UE supports concurrent DL reception while performing CLI measurements on the same time-domain resources. Simultaneous PDSCH reception and CLI measurements by the measuring UE is an additional optional UE capability even if the UE supports the Rel-16 CLI feature, e.g., FGs 17-1 and 17-2.
When considering potential CLI enhancements in adjacent channel TDD deployments for the inter-operator case is that any such solution cannot rely on inter-operator signaling. However, in many cases the received signal strength and interference measurements can still be measured and reported by TDD base stations for purpose of OAM support and network configuration using proprietary implementation. The gNB can create silent intervals where no DL and UL transmissions are scheduled (or configured) for the serving cell and measure the DL signals from co- and adjacent channel neighbor cells in the deployment using SSBs or NZP CSI-RS or transmitted DL signals. In principle, gNB-to-gNB CLI interference is observable by the base station. One drawback is that such gNB-specific measurements in the inter-operator-case can’t rely on a priori knowledge of the DL signal and when it will be transmitted from the measured base station.
Observation 4: DL signals of neighbor cells of the same or different operator can be measured by the gNB using implementation-specific techniques

Potential enhancements to CLI handling for dynamic TDD should consider for which type of TDD deployments such techniques are feasible and when they can be potentially useful. High gNB-to-gNB interference characterizes TDD rural and urban macro deployments in FR1 due to the high gNB transmit power levels and over-the-rooftop site deployments. High RoT due to network densification characterizes many TDD urban micro deployments in FR2-1. Dynamic TDD operation in these environments is challenging. SBFD has the potential to introduce more flexibility to allocate the UL/DL transmission resources in these types of TDD deployments. The SBFD UL subband when placed at the center of the NR carrier provides additional frequency-domain isolation towards the first adjacent channels in the inter-operator case to provide adjacent channel protection. SBFD operation when enabled in the TDD cell does not require inter-operator coordination. SBFD is therefore inherently suitable as potential CLI handling technique for TDD rural, urban macro and micro deployments. Dynamic TDD operation can be seen as a generalization of SBFD, e.g., all transmission frequency-domain resources in a symbol/slot are allocated to either the DL or UL transmission direction based on the gNB scheduling decision.
Observation 5: SBFD is a potential CLI solution for TDD rural, urban macro and micro deployments

The Rel-16 CLI feature is the baseline for UE-to-UE (UL-to-DL) CLI measurements and reporting. In our view, it is meaningful to evaluate at least the following two potential CLI enhancements for later releases.
One issue is the latency of Rel-16 CLI using L3 reporting. Reporting delay is incurred not only because of L3 filtering of SRS-based L1 measurements by the reporting UE, but also because the CLI report uses RRC signaling to gNB-CU. L1 (or L2) based CLI reporting from the UE doesn’t suffer from such added latency and is made available to the gNB scheduler faster. The Rel-16 CLI reporting uses periodic CLI measurement resources. No flexibility to trigger and report CLI on-demand exists. This prevents the Rel-16 CLI feature from being used by the scheduler to adapt for fast interference variations or even using reported CLI measurements for purpose of beam selection. L3 based configurations also means that from the UE perspective, RRC procedures must be used for Rel-16 CLI to re-configure the CLI measurement resources which adds delays in the order of 5-10 ms. Another issue is that Rel-16 CLI reporting cannot currently be associated with spatial-domain information, e.g., associated beam. However, exploiting CLI reports at the gNB for purpose of beam management for the UEs can be seen as one promising interference management solution for dynamic TDD.
Proposal 1: RAN1 to study CLI enhancements to reduce CLI reporting delays and support aperiodic-CLI reports
Proposal 2: RAN1 to study CLI enhancements to support spatial domain information for CLI measurement and reporting

Rel-16 RIM was introduced as feature to deal with atmospheric duct conditions experienced at times by large cell TDD deployments for purpose of gNB-to-gNB interference management. RIM allows for coordination between victim and aggressor gNBs either using OTA or backhaul-based solutions.
The gNBs in a victim set simultaneously transmit an identical RIM reference signal carrying the victim set ID over the air. For use by OTA solutions, RIM-RS type 1 and RIM-RS type 2 were specified. Upon reception of the RIM-RS type 1 from the victim set, the aggressor gNBs perform RIM measurements and can send back a RIM-RS type 2 signal carrying the aggressor set ID when configured. Interference mitigation is gNB-implementation based, e.g., a larger GP can be employed. When backhaul-based solutions are used, upon reception of the RIM-RS type 1 from the victim set, the aggressor gNBs perform RIM measurements and use backhaul coordination towards the victim gNB set. The backhaul messages which carry the RIM detection or disappearance indications are aggregated at gNB-CU via the F1 interface and sent from individual aggressor gNBs to individual victim gNBs via the NG interface. Note that the signaling is transparent to the core network. Another alternative is the use of OAM. Note that the R16 RIM-RS were only specified for 15 and 30 kHz SCS.
For gNB-to-gNB (DL-to-UL) CLI estimation by the gNB, providing a known CLI-RS reference signal (Figure 1) inserted into the DL transmissions from the aggressor gNB allows the victim gNB to estimate CLI and adjust its scheduling behavior. In principle, it is possible to consider the reuse of the existing RIM-RS type 1 or 2. Both types of RS were designed to be distinguishable from any other type of UL RS, e.g., using a different pseudo-random sequence.
However, transmission of the RIM-RS incurs much overhead which is acceptable for the TDD macro deployments for which the R16 feature was developed, but which heavily penalizes the DL spectral efficiency when used more frequently in the context of supporting dynamic TDD operation in small cells such as the indoor hotspot or indoor factory deployments. RIM-RS occupy 2 consecutive symbols and occupy 96 RBs for 15 or 30 kHz SCS or can be configured using 48 RBs for the 30 kHz SCS. For many indoor factory deployments, 60 kHz SCS support is desirable, which RIM-RS do not currently support. Only up to 4 RIM-RS resources can be configured in frequency-domain.
Due to high signal attenuation and narrow beamwidth of the antenna elements in FR2, gNB-to-gNB CLI is not so significant, compared to FR1 TDD macro or micro deployments. However, in a case where transmit beam from aggressor gNB is aligned to receive beam at victim gNB, gNB-to-gNB CLI could be increased. Therefore, it is meaningful to consider if the RIM-RS can be extended to FR2-1 and if 60 kHz and 120 kHz SCS should be supported.
On the other hand, for purpose of intra-operator gNB-to-gNB (DL-to-UL) CLI measurements, the existing Rel-16 RIM feature is not easily re-purposed and a new RE-level DL CLI-RS should be considered. One option is to use the existing Rel-16 RIM-RS type 1 or 2 sequence design as a starting point. Another option is to configure NZP CSI-RS resource set(s) as DL CLI-RS measurement signal.
The CLI-RS, e.g., NZP CSI-RS resource set(s) should allow for less overhead when used in the TDD small deployments where it would be transmitted more frequently by the gNBs. This is to allow for higher multiplexing capacity and for support of 60 kHz SCS in addition to 30 kHz SCS and allow extension to FR2-1.
Observation 6: The existing Rel-16 RIM-RS type 1 or 2 are not suitable for purpose of intra-operator gNB-to-gNB (DL-to-UL) CLI measurements in NR mid-band small deployments
Proposal 3: RAN1 to study and evaluate the benefits of configuring NZP CSI-RS resource set(s) to support intra-operator gNB-to-gNB (DL-to-UL) CLI measurements for dynamic/flexible TDD
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Figure 1: Rel-16 CLI and new DL CLI-RS using NZP CSI-RS resource set(s)

Coordinated scheduling
We consider that coordinated scheduling can only find limited application such as in multi-TRP deployments. Semi-static resource partitioning would inevitably result when scheduler coordination must be done using the much slower Xn-AP which would deny any potential benefits from dynamic TDD operation.
Proposal 4: Coordinated scheduling should not be further pursued as potential enhancement method for dynamic/flexible TDD.

Spatial domain enhancements
When considering FR1 NR mid-band deployments, beam coordination/avoidance by the gNBs is one very promising CLI mitigation technique to reduce gNB-to-gNB (DL-to-UL) interference. In the intra-operator case, inter-cell coordination using the Xn interface is possible. The exchange of the Intended TDD DL-UL Configuration NR is already supported by existing specifications.
Rel-17 eIAB introduced signaling support to indicate desired/prohibited beam indications for purpose of better supporting SDM at the IAB-DU/MT. In our view, the existing Xn-AP signaling should be extended with similar functionality for purpose of dynamic TDD operation. One possibility is to re-use existing Rel-17 eIAB functionality, e.g., desired/restricted beam indications for intra-operator gNB-to-gNB (DL-to-UL) CLI mitigation and port the corresponding signaling from RRC/MAC to Xn-AP.
Proposal 5: RAN1 to study and evaluate the benefits of providing desired/prohibited beam indications using Xn-AP to support intra-operator gNB-to-gNB (DL-to-UL) CLI mitigation

Advanced receiver
Similar to previous LTE and NR releases, advanced receivers can meaningfully improve demodulation performance and link robustness for a number of scenarios. Advanced receiver implementations relying on knowledge of scheduling decisions by the gNB for purpose of inter-cell CLI mitigation would likely require much signaling overhead. We consider this not to be in scope for the Rel-18 SI on Duplexing enhancements. If gains can be shown, then advanced receiver work should be pursued in RAN4 through improved demodulation requirements.
Proposal 6: Advanced receiver should not be further pursued as potential enhancement method for dynamic/flexible TDD.

Transmission and reception timing
Transmission and reception timing for the UE are key to demodulation performance when dynamic TDD operation is used in a TDD cell and should be evaluated in the Rel-18 SI. The existing TA procedure only controls the UE UL transmit timing with respect to the propagation delay of the UE to the serving gNB. The purpose of the existing timing advance procedure is to align the Rx timings of multiple UL signals transmitted by multiple UEs at the location of the receiving gNB, e.g., ideally within a CP. When neighboring TDD cells use dynamic TDD, the desired DL signal received by the victim UE1 from gNB1 will be subjected to a relative Rx timing difference with respect to the interfering UL signal transmitted by an aggressor UE2 transmitting in the same slot to gNB2 which depends on the radio distance between UE1 and the gNB1, between UE2 and gNB2 and the radio distance between victim UE1 and aggressor UE2. For example, the relative Rx timing difference observed by the victim UE1 become largest when UE1 and UE2 are co-located (or at least very close) and equidistant from their respective serving gNBs.
Proposal 7: RAN1 to study and evaluate the benefits of enhancements to transmission and reception timing for dynamic TDD

Power-control enhancements
When considering FR1 NR mid-band deployments, CLI interference mitigation by the gNBs in power-domain can be exploited to reduce gNB-to-gNB (DL-to-UL) interference. In the intra-operator case, inter-cell coordination using the Xn interface is possible. The exchange of the Intended TDD DL-UL Configuration NR is already supported by existing specifications.
Rel-17 eIAB introduced signaling support to indicate Tx power adjustment and PSD range indications for purpose of better supporting SDM at the IAB-DU/MT. In our view, the existing Xn-AP signaling should be extended with similar functionality for purpose of dynamic TDD operation. One possibility is to re-use existing Rel-17 eIAB functionality, e.g., desired and configured Tx power adjustment and PSD range indications for intra-operator gNB-to-gNB (DL-to-UL) CLI mitigation and port the corresponding signaling from RRC/MAC to Xn-AP.
Proposal 8: RAN1 to study and evaluate the benefits of providing Tx power adjustment and PSD range indications using Xn-AP to support intra-operator gNB-to-gNB (DL-to-UL) CLI mitigation

Sensing
Sensing-based protocols are commonly employed for D2D/V2X and LAA/NR-U. When used in licensed bands and network coordinated operation, sensing protocols and their associated protocol overhead cannot substitute for spectral efficiencies achievable with gNB scheduling.
Proposal 9: Sensing-based methods should not be further pursued as potential enhancements for dynamic/flexible TDD.

Conclusion
In this contribution, we made the following observations and proposals:
Observation 1: gNB-to-gNB interference dominates co- and adjacent channel CLI in NR FR1 rural and urban macro deployments
Observation 2: TDD urban micro deployments experience high gNB-to-gNB CLI and are subjected to high offered traffic loads
Observation 3: TDD indoor hotspot and factory deployments offer most potential for improved configuration flexibility to use dynamic TDD
Observation 4: DL signals of neighbor cells of the same or different operator can be measured by the gNB using implementation-specific techniques
Observation 5: SBFD is a potential CLI solution for TDD rural, urban macro and micro deployments
Observation 6: The existing Rel-16 RIM-RS type 1 or 2 are not suitable for purpose of intra-operator gNB-to-gNB (DL-to-UL) CLI measurements in NR mid-band small deployments
Proposal 1: RAN1 to study CLI enhancements to reduce CLI reporting delays and support aperiodic-CLI reports
Proposal 2: RAN1 to study CLI enhancements to support spatial domain information for CLI measurement and reporting
Proposal 3: RAN1 to study and evaluate the benefits of configuring NZP CSI-RS resource set(s) to support intra-operator gNB-to-gNB (DL-to-UL) CLI measurements for dynamic/flexible TDD
Proposal 4: Coordinated scheduling should not be further pursued as potential enhancement method for dynamic/flexible TDD.
Proposal 5: RAN1 to study and evaluate the benefits of providing desired/prohibited beam indications using Xn-AP to support intra-operator gNB-to-gNB (DL-to-UL) CLI mitigation
Proposal 6: Advanced receiver should not be further pursued as potential enhancement method for dynamic/flexible TDD.
Proposal 7: RAN1 to study and evaluate the benefits of enhancements to transmission and reception timing for dynamic TDD
Proposal 8: RAN1 to study and evaluate the benefits of providing Tx power adjustment and PSD range indications using Xn-AP to support intra-operator gNB-to-gNB (DL-to-UL) CLI mitigation
Proposal 9: Sensing-based methods should not be further pursued as potential enhancements for dynamic/flexible TDD.
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