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1. [bookmark: OLE_LINK1][bookmark: OLE_LINK2]Introduction 
An SI on Duplex Evolution is agreed in RAN#94-e to identify solutions for full duplex TDD.  One of the objectives is [1]:
· Study the subband non-overlapping full duplex and potential enhancements on dynamic/flexible TDD
· Study inter-gNB and inter-UE CLI handling and identify solutions to manage them. 
· Consider intra-subband CLI and inter-subband CLI in case of the subband non-overlapping full duplex.

This contribution discusses some considerations on using non-overlapping subbands for full duplex TDD.

2. Discussions
2.1 Full Duplex TDD
Currently, TDD operates in Half Duplex (HD) mode where the gNB or UE can either transmit or receive but not at the same time.  In TDD, the time resources are split between UL and DL where typically more time resources are allocated in the DL, which faces the following drawbacks:

· Latency: Since a UE cannot transmit in DL resources, a UE that has pending uplink transmissions during a DL time resource (slot or OFDM symbols), has to delay its uplink transmission until an UL time resource is available, thereby introducing latency.
· Resource utilization: Since the entire frequency bandwidth can only be DL or UL in a cell, if a link, e.g. DL, has very little traffic, the resource would be underutilized as it cannot be used to alleviate congestion in the UL traffic.
· UL coverage: A typical DL:UL time resource split is DL heavy thereby causing sparse UL resource.  Coverage enhancement schemes that use repetitions in the UL may not have sufficient UL resource for the UL repetitions within an acceptable latency. Hence this may have an impact on UL coverage. 


Recognizing these drawbacks in HD-TDD, an SI on Duplex Evolution to study solutions for Full Duplex TDD (FD-TDD) is agreed [1].  FD-TDD enables simultaneous UL & DL transmissions in the same frequency band, and this would reduce the drawbacks identified in HD TDD.  In this SI, we assume that only the gNB operates in FD-TDD whilst the UE operates in HD-TDD, that is, the complexity to implement FD-TDD in Rel-18 is mostly at the gNB.


2.2 Intra-Cell Cross Link Interference
In addition to inter-cell Cross Link Interference, FD-TDD also suffers from intra-cell Cross Link Interference (CLI).  The intra-cell CLI’s, for FD-TDD gNB and HD-TDD UE, are shown in Figure 1, i.e.:

· Self CLI at the gNB, where the gNB DL transmission interferes with the gNB UL reception.  This CLI may be over 100 dB and will require complex RF hardware to isolate the CLI and interference cancellation to make the UL reception viable.
· CLI between two UEs, where one UE, e.g. UE1 in Figure 1, is transmitting in the UL whilst another UE, e.g., UE2, is receiving in the DL and here the UL transmission from UE1 causes CLI to the downlink reception of UE2.


[image: ]
[bookmark: _Ref100840597]Figure 1: Intra-cell CLI


2.3 Non-overlapping Subbands
One way to reduce intra-cell CLI is to separate the DL and UL transmissions into different non-overlapping frequency subbands.  An example is shown in Figure 2, where the system bandwidth is divided into non-overlapping subbands.  In this example, it is divided into 4 subbands, Subband#1, Subband#2, Subband#3 and Subband#4, where Subband#1 and Subband#3 are used for DL whilst Subband#2 and Subband#4 are used for UL.
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[bookmark: _Ref100845454]Figure 2: Non-overlapping subbands

The RBs in the centre of a subband would suffer less CLI compared with the RBs at the edge of a subband that is adjacent to another subband.  Hence, to further reduce CLI between adjacent subbands, a guard subband can be introduced between two subbands, as shown in Figure 2 above, where the guard subbands are in grey.  Using subbands with guard subbands between two subbands is an effective way to reduce intra-cell CLI at the cost of reduced frequency resource for DL/UL transmissions.

Proposal 1: In FD-TDD operation, the DL and UL transmissions are performed in separate non-overlapping frequency subbands with a guard subband between two adjacent subbands.


2.4 Adjacent Channel Interference
Since the transmit and receive filters are not perfect and suffer from Adjacent Channel Leakage and Adjacent Channel Selection, an UL transmission in a subband can cause Adjacent Channel Interference (ACI) into a UE receiving in an adjacent DL subband. That is, in a non-overlapping subband FD-TDD operation, ACI is the main cause of intra-cell CLI.

Observation 1: Adjacent Channel Interference (ACI) is the main cause of intra-cell Cross Link Interference in FD-TDD using non-overlapping subbands.


In HD-TDD operation with dynamic/flexible TDD, SRS-RSRP and CLI-RSSI measurements were introduced to manage inter-cell CLI.  The SRS-RSRP and CLI-RSSI are performed over the entire BWP, which reflects the operations of HD-TDD since the entire bandwidth is used for either UL or DL only.  However, for subband based FD-TDD, ACI is the main cause of CLI and to help the gNB scheduler in managing ACI, new measurements are required.  A measurement that measures ACI within a DL subband, whilst UEs in an UL subband are transmitting SRS would provide the gNB with information of the impact of intra-cell CLI caused by ACI.  To further help the gNB decide on the frequency resources, e.g. RBs, in the DL subband that can be scheduled under ACI, the said measurement can be divided into blocks, i.e. ACI blocks, and the UE measures the SRS interference in each ACI block.  An example is shown in Figure 3, where the TDD bandwidth f0 – f6, is divided into UL subband f0 – f1, DL subband f2 – f6, and guard subband f1 – f2, between the UL & DL subbands.  The gNB instructs a UE, e.g. UE1, to transmit SRS in the UL subband whilst another UE, e.g. UE2, performs ACI blocks measurements in the DL subband.  In this example, the DL subband is divided into 4 ACI blocks {ACI#1, ACI#2, ACI#3, ACI#4} and the UE reports the SRS interference, in the form of SNR of the detected SRS (or INR where the interference is from the SRS) for each ACI block to the gNB.  Using the ACI block measurements, the gNB can then determine whether to schedule UE2 close to the DL subband edge, i.e., f2 – f3, or determine a suitable MCS for a PDSCH occupying f2 – f3, whilst UE1 is performing UL transmission in the UL subband.
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[bookmark: _Ref101448565]Figure 3: ACI blocks measurements

In the legacy dynamic/flexible TDD, the SRS-RSRP and CLI-RSSI are reported in the RRC layer, since they are used to manage inter-cell CLI that requires higher layer inter-cell signalling.  In contrast, intra-cell CLI does not require inter-cell signalling but it is used for scheduling within the cell and hence, it is more beneficial to report the ACI block measurements in the physical layer rather than in the RRC layer.

Proposal 2:  To manage intra-cell CLI, a DL subband is divided in the frequency domain into ACI blocks, where a UE performs SRS interference measurements on these ACI blocks whilst another UE is transmitting SRS in an UL subband.

Proposal 3: The SRS interference measurement in an ACI block can be measured as the SNR (or INR) of the SRS.

Proposal 4: The ACI block measurements are reported in the Physical Layer.


The gNB can schedule the PDSCH MCS (Modulation & Coding Scheme) based on the reported SRS interference in the ACI block measurements.  For example in Figure 4, a UE may report measurements for four ACI blocks {ACI#1, ACI#2, ACI#3, ACI#4} in a DL subband.  Since the ACI level is higher in ACI#1 compared to ACI#2, the gNB may schedule a PDSCH, e.g. PDSCH#1, occupying f2 – f3 (within ACI#1) with a low MCS, e.g. MCS 2 or a PDSCH, e.g. PDSCH#2, occupying f3 – f4 (within ACI#2) with a higher MCS, e.g. MCS 5.  However, if the gNB wishes to schedule a PDSCH, e.g. PDSCH#3, that occupies larger frequency resources, e.g. f2 – f4, to ensure the UE can decode the RBs with high ACI in f2 – f3, the gNB may have to use a lower MCS, e.g. MCS 2, despite some of the frequency resources f3 – f4 being able to support a higher MCS.  That is, since the ACI level is non-uniform across a DL subband, a PDSCH occupying RBs with different levels of ACI may underutilize the frequency resources.
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[bookmark: _Ref101455814]Figure 4: Scheduled PDSCH MCS based on ACI blocks measurements

Observation 2: Since the ACI level is non-uniform across a DL subband, a PDSCH occupying RBs with different levels of ACI may underutilize the frequency resources.


One way to utilize the frequency resource with non-uniform ACI in a DL subband is to allow non-uniform MCS to be scheduled in a PDSCH.  That is the PDSCH can be scheduled with more than one MCS, where the RBs with high ACI are scheduled with low MCS and vice-versa.  An example is shown in Figure 5, where a PDSCH, e.g. PDSCH#3, is scheduled in RBs across f2 – f4, experiencing different levels of ACI as measured in ACI blocks ACI#1 and ACI#2.  Instead of scheduling a single MCS, e.g. MCS 2, for PDSCH#3, the gNB can schedule the portion of PDSCH occupying f2 – f3 with MCS 2 and the remaining portion f3 – f4 with a higher MCS, e.g. MCS 5.  This enables the gNB to fully utilize the frequency resources in a DL subband that has different levels of ACI.  The non-uniform MCS can be implemented in Code Block segmentations where different sets of Code Blocks or Code Block Groups use different MCS in a PDSCH.
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[bookmark: _Ref101457360]Figure 5: Non-uniform MCS scheduling in a PDSCH

Proposal 5: Support non-uniform MCS, where more than one MCS can be used in a PDSCH such that different sets of RBs within the PDSCH can have different MCS.


Since the level of ACI in a DL subband depends on the level of transmit power in an adjacent UL subband, by reducing the transmit power for RBs at the edge of an UL subband, the ACI would be reduced in the adjacent DL subband.  An example is to introduce a power offset for some frequency regions in the UL subband as shown in Figure 6, where the system bandwidth is divided into two UL subbands {Subband#1, Subband#3} and two DL subbands {Subband#2, Subband#4} with guard subbands between the UL & DL subbands.  The power offsets can be different in different UL subbands depending on the configuration of the subbands.  For example, only one side of Subband#1 is adjacent to a DL subband (Subband#2) and so a power offset is only applied to one side of Subband#1, i.e. an offset of -D2 for UL transmission between f2 – f3.  On the other hand, UL Subband#3 has two power offsets on each side as they are adjacent to DL subbands {Subband#2, Subband#4}.  The power offset in f6 – f7 of Subband#3 is -D3, which is smaller than the power offset -D1 in f8 – f9, since the guard subband f5 – f6 between DL Subband#2 and UL Subband#3 is wider than the guard subband f9 – f10 between UL Subband#3 and DL Subband#4.  An UL transmission that occupies RBs that have different power offset would be transmitted with non-uniform power, that is, the RBs in the UL transmission may be transmitted with different transmit power. For the example in Figure 6, if a PUSCH in UL Subband#1 is scheduled in RBs occupying f1 to f3, its transmit power for RBs between f2 – f3 is reduced by -D2 whilst, the RBs between f1 – f2 is not reduced..  The gNB can indicate, e.g. in the UL Grant or DL Grant, whether to use non-uniform transmit power or not since there may not be any DL traffic in an adjacent DL subband.
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[bookmark: _Ref101529080]Figure 6: Power offsets in UL subbands

Observation 3: ACI into a DL subband can be reduced if the UL transmit power in an adjacent UL subband is reduced, for RBs that are close to the edge of that UL subband.

Proposal 6: Support non-uniform transmit power in an UL transmission, where different power offsets can be applied to different RBs of the UL transmission.

Proposal 7: The gNB can enable/disable non-uniform transmit power for an UL transmission.


3. Conclusion
In this contribution, we discuss some considerations on non-overlapping subband in FD-TDD, and we observe the following:
Observation 1: Adjacent Channel Interference (ACI) is the main cause of intra-cell Cross Link Interference in FD-TDD using non-overlapping subbands.

Observation 2: Since the ACI level is non-uniform across a DL subband, a PDSCH occupying RBs with different levels of ACI may underutilize the frequency resources.

Observation 3: ACI into a DL subband can be reduced if the UL transmit power in an adjacent UL subband is reduced, for RBs that are close to the edge of that UL subband.


We therefore propose the following:
Proposal 1: In FD-TDD operation, the DL and UL transmissions are performed in separate non-overlapping frequency subbands with a guard subband between two adjacent subbands.

Proposal 2:  To manage intra-cell CLI, a DL subband is divided in the frequency domain into ACI blocks, where a UE performs SRS interference measurements on these ACI blocks whilst another UE is transmitting SRS in an UL subband.

Proposal 3: The SRS interference measurement in an ACI block can be measured as the SNR (or INR) of the SRS.

Proposal 4: The ACI block measurements are reported in the Physical Layer.

Proposal 5: Support non-uniform MCS, where more than one MCS can be used in a PDSCH such that different sets of RBs within the PDSCH can have different MCS.

Proposal 6: Support non-uniform transmit power in an UL transmission, where different power offsets can be applied to different RBs of the UL transmission.

Proposal 7: The gNB can enable/disable non-uniform transmit power for an UL transmission.
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