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1	Introduction
[bookmark: _Hlk81821491]Full duplex, i.e., simultaneous transmission and reception by a device on the same carrier, is being discussed as a topic for study in Rel-18. The output of the latest email discussion makes the following proposals [1]:

1. Rel-18 work plan:
[Non-controversial] Study should be performed first.
[Controversial] Planning of potential follow-up normative work. Continue discussion.
2. Duplex mode:
[Non-controversial] TDD is included in the scope.
[Controversial] Whether FDD will be included in the scope. Continue discussion.
3. Duplex enhancement at gNB only?:
[Non-controversial] Duplex enhancement at gNB is included in the scope.
[Controversial] Whether duplex enhancement at UE will be included in the scope. Continue discussion.
4. [Controversial] Duplex enhancement approaches:
a) Continue discussion whether all of the three identified full duplex schemes (subband
non-overlapping, subband overlapping, full overlapping) or a subset of them should be studied.
b) Continue discussion about the need for CLI enhancement on dynamic/flexible TDD.
5. [Non-controversial] Interference management: Organize the study as follows.
a) Study inter-gNB and inter-UE CLI and identify solutions to manage them [RAN1]
b) Study RF requirements considering the self-interference and the inter-operator CLI at gNB [RAN4]
c) Study co-channel and adjacent-channel co-existence with the legacy operation [RAN1/4].
Continue discussion how to organize interaction between RAN1 and RAN4.
6. [Controversial] Deployment scenarios: Continue discussion aiming to narrow down the deployment
scenarios to be considered.
7. [Controversial] Frequency range: There was not much discussion on which frequency ranges have to be
considered. Continue discussion on the frequency range to be considered.

In this contribution, we present our views on how to proceed on these proposals and questions not necessarily in the order of the proposals above.


[bookmark: _Ref178064866]2	Discussion of Proposals
2.1	Duplex mode
The proposal on duplex mode proposes that TDD should be in scope of the study but proposes continuation of discussions on whether FDD is in scope of the study. We assume the question here is about applicability of full duplex methods to TDD or FDD bands since otherwise, the proposal does not make sense. To provide some background, the figures below show the interference incurred due to various duplex modes. 
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[bookmark: _Ref73483713]Figure 1: Interference due to duplex modes

As shown in the figure, the traditional FDD and synchronized TDD modes of operation suffer from inter-cell interference where a gNB/UE may experience interference from UE/gNBs in neighbouring cells. With dynamic TDD, where the TDD patterns for different cells are not synchronized, cross-link interference, both at the BS and the UE, may be seen in addition to inter-cell interference. Finally, with full duplex, where each device may both transmit and receive simultaneously on the same carrier, devices also see self-interference in addition to cross-link and inter-cell interference. Hence, added flexibility and/or opportunities to transmit generally result in greater interference. The effects of this interference need to be overcome for there to be a benefit with dynamic TDD or full duplex modes of operation. 
As can be seen from the above, full duplex operation is a duplexing mode distinct from either FDD or TDD. Traditionally, licensed spectrum has been allocated targeting either FDD or TDD operation. If a full duplex mode is studied, a pertinent question is which types of spectrum allocations should operation of full duplex be studied in. Here, we think the study should focus on TDD bands especially considering that one of the main issues cited for the study is coverage improvements in TDD bands with DL-heavy DL-UL ratios.
Proposal: The study on full duplex should focus on applicability to TDD bands.
2.2	Key challenges to realize gains from full duplex operation
In order to understand the best way to address the remaining questions, it is important to first understand better the specific challenges that need to be overcome to realize gains from full duplex operation. We therefore briefly discuss some of the challenges in realizing gains from full duplex operation in a practical system.
2.2.1	Self-interference and link level challenges
Not surprisingly, the greatest challenge for full duplex operation in the overlapped frequency resources is mitigation of the self-interference within a device. Some of the implementation related challenges related to self-interference are listed below.
· LNA linearity and dynamic range: The receiver(s) may need to be able to handle a very high power transmit signal and low power RX signal in the front end with a potentially huge power difference (>100dB). This implies e.g. very high LNA linearity and high dynamic range in ADCs.
· Non-linearities in Tx and Rx radio front ends: The radio front end in both TX and RX will have non-linear processes that impact interference estimation and cancellation including CFR, DPD, antenna calibration, phase discontinuities, and receiver automatic gain control. The nature of these non-linearities is likely to be very specifically linked to the particular radio design and also potentially to the instantaneously transmitted signal, so that impacts may change dynamically depending on e.g. scheduled RBs, modulation order etc.
· Coupling between different transceivers in an AAS array: This could cause intermodulation effects between different transmitters. Any interference cancellation would need to consider couplings within the array.
· Reflections: Even if the transmitted signal is cancelled perfectly or there is very good antenna isolation, reflected signals occurring due to objects close to the gNB could be significantly stronger than the receive signal and need to be considered.

In addition to the above, power consumption can also be an issue with significant potential increases especially if operated in a mobile device [4]. 
Full duplex operation in non-overlapped frequency resources within a carrier could potentially help with dealing with some of the above challenges. However, other challenges still need to be considered including
· Intermodulation products from the transmitter degrading the noise floor/sensitivity in the receiver
· Selectivity of the receiver with respect to the RBs that are allocated for transmission and attenuation in transmit RBs.
· Limitations on the level of filtering that may be achieved with limited numbers of guard sub-carriers between the transmit and receive signals’

It is important that all these challenges are carefully studied. 
2.2.2	Cross-link interference and system level challenges
While techniques to mitigate the challenges with self-interference are needed to secure the link between a gNB and a UE, this is not enough to ensure good performance overall. That requires consideration of the entire system, particularly the effects of cross-link interference, both between gNBs as well as between UEs as shown in Figure 1. 
Methods to mitigate cross-link interference are particularly challenging due to the difficulty in estimating the statistical nature of interference including its timing, frequency, and spatial properties, especially when transmissions are bursty. The issue of cross-link interference mitigation has already been studied extensively and has already been addressed in the NR_CLI_RIM work item. It is important that any new work in this area not repeat what has been done before and any potential further enhancements are clearly identified. Aspects that limit gains in practice to be much lower than in studies with idealized assumptions must be carefully considered.
With respect to the effect of cross-link interference, we can make a few observations. First, in scenarios where gNB and UE transmission powers are similar and antenna height differences do not cause significant differences in the interference caused due to gNB and UE transmissions, cross-link interference is not as much of an issue. This is the case in some small cell scenarios, for example. Secondly, increasing directionality of transmissions reduces incidences of cross-link interference and reduces impacts to system level performance.
It is important to consider not just co-channel cross link interference, but also cross/adjacent channel-link interference. Although cross/adjacent carrier interference is supressed by filtering (ACLR and ACS), extensive studies have shown that inter-operator interference can be a limiting factor in deploying dynamic TDD in several key deployment scenarios. These challenges will also occur for full duplex operation.

2.2.3	Other challenges
Apart from the self-interference and CLI related challenges, some further aspects should be considered:
· To achieve sufficient isolation between the transmit and receive signals, the gNB antenna array may need to be partitioned such that a part of the array can transmit whilst the other section receives, with sufficient isolation between the sub-arrays. This is needed even if the duplexing is on separate frequency resources. Partitioning of the array implies that for the downlink, and at least for uplink reception during Full Duplex timeslots the effective antenna area is halved. A 3dB array loss compared to a baseline of using the full available array area for TX or RX during separate slots arises.
· Although spatial isolation between sub-array sections and frequency isolation creates significant amounts of isolation between transmit and receive, it is still likely that digital interference cancellation is needed. If separate frequency resources are used for DL and UL, then the DL related interference to UL will consist of PA non-linearity products that are not suppressed by adjacent channel filtering. Cancellation of filtered PA unwanted emissions is a more complex task than traditional cancellation of known in-band signals.
· If the downlink and uplink are isolated using spatial and frequency separation then TX-RX reciprocity will be compromised to some extent, which may impact the ability to optimize throughput using advanced MIMO techniques.
· UL receiver performance can be degraded by the presence of strong DL signal close in frequency. The ability of UL receiver to avoid such degradation is called selectivity. Typical receiver selectivity needed for normal UL reception is not likely to be enough to suppress the strong DL signal. Achieving improved selectivity might require a more complex receiver and should be investigated.
· Asymmetry in traffic patterns could result in many transmission opportunities created by full duplex functionality not being used, thus limiting gains in capacity. System simulations measuring performance gains should employ realistic traffic models, as opposed to a full buffer traffic model, to assess real-word performance.
· Cross-operator interference could make full duplex deployments, in particular where DL transmissions occur also in UL slots challenging. The additional cross-link interference to another operators’ UL reception due to the DL transmissions in UL slots will not be acceptable in most practical circumstances. This can potentially be addressed by only considering full duplex transmissions in DL slots, i.e., there are no additional DL transmissions due to full duplex. In this case, there will not be any BS to BS cross-operator, cross-link interference. For UL reception in DL slots, UE-UE interference can occur and should be studied.
· Weather related variations (e.g., due to rain) in the isolation between Tx and Rx arrays could potentially affect the performance of digital self-interference cancellation and these should be considered when assessing the feasibility of full duplex operation.

2.3	Types of full duplex operation (duplex enhancement approaches)
Full duplex operation, where a node transmits and receives simultaneously in the same carrier may occur in the following ways:
· Transmission and reception on fully overlapped frequency resources (at the same time) within the carrier
· Transmission and reception on non-overlapped frequency resources (at the same time) within the carrier
· Transmission and reception on partially overlapped frequency resources (at the same time) within the carrier

In the discussions, the second and third schemes above have been referred to as sub-band non-overlapped full duplex and sub-band overlapped full duplex. And the question that has been posed for further discussion is which of these schemes should be included in the study in Rel-18.
In general, the self-interference generated by full duplex in overlapped (either partially or fully) frequency resources is harder to suppress than self-interference generated by full duplex in non-overlapped frequency resources as extensively discussed in the previous section
Considering this, we believe it is prudent for the study to have a reasonable scope and be limited to the non-overlapped case only. Considering that duplex enhancements are a fundamental change in the way the entire system operates, it is important for the study to be done thoroughly starting with the cases most likely to be feasible. We therefore propose the following.
Proposal: The study should be limited to the case of non-overlapped frequency resources in a carrier (sub-band non-overlapping) in Rel-18.
2.4	Need for CLI enhancement on dynamic/flexible TDD.
Dynamic TDD (flexible duplex) with mitigation of cross-link interference (CLI) was studied as part of the Rel-14 NR SI [2]. The CLI mitigation aspects from the Rel-14 SI were addressed in the work item NR_CLI_RIM [3] with the main objectives for the CLI part including the following:
· Specification of SRS-RSRP and CLI-RSSI measurements and reporting at the UE
· Specification of network coordination mechanisms including exchange of intended DL/UL configuration among gNBs

Any study of cross-link interference mitigation, whether the interference occurs due to dynamic TDD or full duplex modes of operation should consider the work that has already been done. It is also important for the study to make realistic assumptions so that the evaluation results can provide some realistic estimates of gains that can be foreseen with practical implementations.
With the above prior work and considerations noted, we do believe that dynamic TDD is an important baseline to which any potential gains from full duplex operation should be compared. Therefore, as CLI generated by full duplex operation and methods to handle this CLI are studied, the baseline performance of dynamic TDD when similar or the same CLI mitigation techniques are used with dynamic TDD should be evaluated as well. We therefore propose the following.
Proposal: The study should include evaluation of the performance of dynamic TDD in conjunction with any CLI mitigation schemes studied for full duplex operation while taking into consideration prior work already done in the area of CLI mitigation with dynamic TDD operation.
2.5	Devices for duplex operation (gNB, UE or both)
It is possible to limit the nodes in the system that use full duplex operation. A point of discussion has been whether UEs capable of full duplex operation should be included in the study. If the study is limited to full duplex in non-overlapping frequency resources as we propose, it does not seem necessary to further limit the study to the use of such full duplex operation only at the gNB. It may be possible for some UEs to be capable of full duplex operation while others may not be and the impacts of full duplex capability at the UE on system performance could be an important aspect to consider in the study. 

Furthermore, even when the UE does not implement full duplex operation, the study should leave flexibility to consider whether tighter UE performance requirements are needed or beneficial. For example, if a UE only transmits in the center PRBs of a carrier during downlink slots, it may be needed to check whether existing emissions/ACS requirements on UEs are then sufficient to ensure co-existence to/from neighbor carriers or some tightening may be needed or useful to facilitate/improve FD. We therefore propose the following.

Proposal: Both full duplex operation in scenarios where only gNBs implement full duplex operation as well as scenarios where some or all UEs implement full duplex operation should be part of the study. The study should also consider the benefits of tighter performance requirements in UEs that implement only half-duplex operation.

2.6	Deployment Scenarios and Frequency Range
Given the challenges discussed in Section 2.3, the overall gains or losses yielded by full duplex operation are likely highly scenario dependent. Hence, a careful study of system level performance in a diverse range of scenarios is very important. It is also important to consider gains beyond what can already be achieved using simple modifications such as employing TDD patterns with increased number of UL slots or using dynamic TDD opportunistically where possible.
Also, realistic antenna configurations providing higher isolation should be assumed as part of the studied
scenarios. Any impact of the needed antenna configuration on the output power and gains needs to be
understood and taken into account. Furthermore, the focus should be on scenarios where system level
performance improvements may be more realistically possible, i.e., where cross-link and inter-operator
coexistence issues are of somewhat lower concern. Hence, scenarios where the DL-UL assignments are
the same across all co-channel nodes and/or smaller cells where gNB and UE Tx powers are more similar
are of greater interest. All BS classes should be considered. We do not see a need to include IAB in the scope.

Since the implementation feasibility and potential complexity vs gains may differ, both FR1 and FR2 should
be considered. It is also worthwhile noting that the needed isolation may be easier to achieve in FR2 where the coverage limitations are more acute. We therefore propose the following.

Proposal: Scenarios where gains from full duplex operation are more realistic, e.g., where cross-link and inter-operator coexistence issues are of less concern, should be prioritized. IAB should not be included in the scope of the study.

Proposal: Both FR1 and FR2 should be considered in the study.


2.7	Organization of work and Rel-18 workplan
We note that for self-interference, the study should address at least the following factors, with this mostly being handled by RAN4
· LNA linearity and dynamic range
· Non-linearity in Tx and Rx radio front-ends
· Coupling between different transceivers in an AAS array
· Reflections due to objects close to the antenna
· Intermodulation products from the Tx degrading noise floor/sensitivity of the Rx for operation in separated frequency resources (Improvements in TX linearization)
· Filtering limitations and flexibility based on the number of guard carriers between DL and UL for operation in separated frequency resources

Cross-link interference both at the gNB and the UE should be considered (but repeating work done in
previous study and work items should be avoided) as a first priority, considering both intra-operator and
inter-operator interference. This first stage of the study should clarify and inform which kind of deployment
scenarios are possible for Full Duplex considering (i) co-existence among operators and (ii) impacts of
intra-operator CLI to overall gains. Traditionally, co-channel CLI is studied in RAN1 and adjacent channel CLI in RAN4, but care should be taken to co-ordinate studies to ensure a working and deployable concept.
Given the above, both RAN1 and RAN4 should be involved in all aspects of interference management from the beginning of SI. It is important that any link or system performance evaluations done by RAN1 are grounded in realistic assumptions that are checked by RAN4. It is also important that the deployment scenarios that are considered are ones that can be expected to work from an inter-operator co-existence perspective. Otherwise, we will risk producing misleading results or targeting deployment scenarios that in reality cannot be used in a multi-operator environment. Given this, RAN1 can take the lead in system performance aspects, while RAN4 can take the lead on aspects such as inter-operator co-existence, self-interference management and BS implementation and feasibility aspects including antenna configuration and design to achieve high isolations and other needed improvements such as enhanced linearization for sub-band full duplex). In the summary from [1], RAN1 is listed as the responsible working group for studying inter-gNB and inter-UE CLI and identifying solutions to manage them. These CLI issues may also be related to coexistence and therefore, RAN4 should also be listed for this objective. 


Finally, it is amply clear from the discussion of all of the challenges in implementing full duplex as well as the variety of aspects that need careful study, that there is enough work load for a study item in Rel-18. We should also emphasize that since these duplex enhancements are a fundamental change in the way the entire system operates, it is important for the study to be done thoroughly. Without a proper evaluation, there is a risk that the success of further work in future releases will be based on misleading results. We therefore propose the following.

Proposal: RAN4 should be involved from the start of the study. RAN1 should lead system performance evaluations and RAN4 should lead aspects such as inter-operator coexistence, self-interference management and implementation and feasibility aspects. RAN1 evaluations should wait for inputs from RAN4 on relevant parameters.
Proposal: Full duplex should be only a study in Rel-18. Any normative work can be considered in future releases based on the results of the study. 

3	Conclusion
Based on the discussion in this contribution we propose the following.
Proposal: The study on full duplex should focus on applicability to TDD bands.
Proposal: The study should be limited to the case of non-overlapped frequency resources in a carrier (sub-band non-overlapping) in Rel-18.
Proposal: The study should include evaluation of the performance of dynamic TDD in conjunction with any CLI mitigation schemes studied for full duplex operation while taking into consideration prior work already done in the area of CLI mitigation with dynamic TDD operation.
Proposal: Both full duplex operation in scenarios where only gNBs implement full duplex operation as well as scenarios where some or all UEs implement full duplex operation should be part of the study. The study should also consider the benefits of tighter performance requirements in UEs that implement only half-duplex operation.

Proposal: Scenarios where gains from full duplex operation are more realistic, e.g., where cross-link and inter-operator coexistence issues are of less concern, should be prioritized. IAB should not be included in the scope of the study.

Proposal: Both FR1 and FR2 should be considered in the study.

Proposal: RAN4 should be involved from the start of the study. RAN1 should lead system performance evaluations and RAN4 should lead aspects such as inter-operator coexistence, self-interference management and implementation and feasibility aspects. RAN1 evaluations should wait for inputs from RAN4 on relevant parameters.
Proposal: Full duplex should be only a study in Rel-18. Any normative work can be considered in future releases based on the results of the study.
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