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Introduction
As part of the Study Item on Integrated Access and Backhaul for NR [1], 3GPP has agreed to identify and evaluate potential solutions for efficient operation of integrated access and wireless backhaul for NR. 
This contribution discusses different physical layer enhancements for IAB including aspects impacting initial access/RRM, frame structure design and scheduling for multiplexing access and backhaul links, timing and synchronization, cross-link interference mitigation, power control, and backhaul link spectral efficiency.
Physical Layer Enhancements for IAB
An example of a network with integrated access and backhaul links is shown in Figure 1 below. The operation of the different links may be on the same or different frequencies (also termed ‘in-band’ and ‘out-band’ relays). Each IAB node has both DU functionality (DU-f) as well as UE functionality (UE-f). The relay is connected to an IAB node of a higher hop order as a UE, while the IAB node serves relay UEs inside IAB nodes of lower hop orders or its own access UEs.
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Figure 1: Integrated access and backhaul links 
In addition, for in-band operation IAB nodes are assumed to operate with a half-duplex constraint as shown in Figure 2, which means they can only do the following at any given time:
1. Receive on the access link (UE to IAB node) and/or backhaul link (IAB node to IAB node) 
2. Transmit on the access link and/or backhaul link 
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Figure 2: Half-duplex constraint at the relay
The remaining sections of this document focus on solutions for IAB to enable efficient multiplexing of backhaul and access links operating on the same frequency to accommodate half-duplex constraints and avoid/mitigate interference.

IAB Node Discovery and Topology/Route Management
The following was agreed in RAN1#94:
Agreements:
· In case of SA deployments, initial IAB node discovery by the MT (Stage 1) follows the Rel.15 procedure for cell search and initial access based on SSBs available for access UEs without additional required specification support.
· FFS: how to support NSA deployment
· FFS whether Stage 2 enhancements (if any) can be applied to Stage 1

In case of NSA deployments, the access UEs and IAB node MTs do not need to perform initial access procedures on the NR frequency carrier, and instead first get connected to the network via an LTE PCell and the NR frequency carrier is added as part of the EN-DC SCG setup procedure. As a result, the default SSB periodicity does not have to be assumed by the IAB MTs when performing parent IAB node discovery/selection. Additionally, the frequency location of the SSBs on the NR carrier can be signalled to the MTs, instead of having the MT assume that only SSBs on the sync raster are transmitted.
As a result, it seems feasible that both Stage 2 Solution 1-A and Solution 1-B can be used for initial IAB node discovery by the MT in case of NSA deployments.

Proposal 1: In the case of NSA deployments, both Stage 2 Solution 1-A and Solution 1-B can be used for initial IAB node discovery by the MT.




The following was agreed in RAN1#94bis:
Agreements:
· Solution 1-A and Solution 1-B are both supported
· Enhancements for off-raster SSB, e.g. new periodicities and time-domain mapping can be considered 
· CSI-RS can be used for inter-IAB detection in synchronous network
· Extended CSI-RS periodicities can be considered. 

In case of Solution 1-B, not only is differentiation between resources used for transmission of access and backhaul link initial access signals needed, but also between different hop orders of IAB nodes due to the half-duplex constraint. Figures 3 provides an example of such multiplexing of initial access signal transmissions between access and two backhaul link hop orders. The access synchronization signal transmissions can overlap in time across hop orders since they are intended for UEs and therefore not subject to the half-duplex constrain requirement. However, orthogonal time periods are required for the transmission of the synchronization signal transmissions intended for backhaul link discovery and maintenance with a possibly different periodicity of transmission and separately configured from the parameters/resources used by access UEs.
[image: ]                             
Figure 3: TDM multiplexing of initial access signals between access and backhaul links (same periodicity)
The orthogonal resources/periodicities and muting patterns within a given SMTC should be able to accommodate deployments with different numbers of hops and number of candidate IAB nodes (e.g. due to deployment density). However, introducing a large number of possible configurations may increase the overhead and network complexity. Also considering IAB scenarios evaluated in the SI typically do not go beyond 2-3 hops, it is reasonable for the configuration and patterns for Solutions 1-A and 1-B to potentially support a large (or arbitrary) number of hops, but is optimized for inter-hop discovery of IAB nodes up to 3 hops.

Proposal 2: IAB should support the configuration and coordination of orthogonal time/frequency resources and introduce new periodicities and time-domain mapping patterns for SSB transmissions (i.e. Solution 1-A, Solution 1-B) which are optimized for inter-hop discovery of IAB nodes up to 3 hops.





Enhancements for Backhaul Link Management 
During RAN1#94 the following agreements were made related to RLM/RLF and the interaction with beam failure recovery:
Agreements:
· To support RLM/RLF procedures for IAB nodes, the following should be further studied: 
· Enhancements to support interaction between Beam Failure Recovery success indication and RLF 
· Enhancements to existing beam management procedures for faster beam switching/coordination/recovery to avoid backhaul link outages should be considered for IAB nodes
Agreements:
· Study the need for additional backhaul link condition notification mechanism from the parent IAB node DU to the child IAB node as well as corresponding IAB node behavior.
· E.g., if the parent IAB node’s backhaul link fails (RLF or BF) 
· Note: this study is intended to focus on RAN1 aspecs only (any higher layers aspects are to be handled by other WGs)

RLM for IAB nodes
RLM utilizes periodic IS and OOS indications to estimate the link quality corresponding to hypothetical PDCCH BLER based on configured RLM-RS resources. This is further illustrated in Figure 4, where RLM-RS resources are used to trigger the RLF procedure. In addition to periodic IS and OOS indications, IAB nodes should support assisting the RLF procedure through aperiodic indications based on the beam failure recovery procedure as shown in Figure 4, in the dashed lines connecting beam failure and the RLM procedure.  For example an out-of-sync indication may be triggered once all the serving/monitored beams of the IAB-MT have experienced beam failure for a configured number of consecutive intervals, while an in-sync indication may be triggered (aperiodically) once one or more of the beams are restored as part of a beam recovery procedure.
Proposal 3: The use of aperiodic out-of-sync and in-sync indications based on the beam failure recovery procedure should be supported to assist the RLF procedure for IAB-nodes.




Figure 4: Beam recovery and RLM/RLF procedures
Beam Management for IAB nodes
For IAB, the MT is expected to have a large number of antennas, and correspondingly a large number of Rx beams to do measurement and reporting on, resulting in a large overhead and a considerable latency. In the beam management procedure, the basic concept of NZP-CSI-RS resource set repetition ‘on’ is to repeat the transmission for multiple times to allow the receiver to sweep its receive beams to measure the Rx beam quality and identify the Rx beam at the UE. The network does not know how many beams or resources the UE needs to sweep to identify the best receiving beams. In fact, the details of the receive beam measurement at the UE in the beam management procedure are transparent to the network, and the network triggers the receive beam measurement without knowing the status of the Rx beams at the UE. Having the beam management procedure solely triggered by the network presents a potential problem since the network does not have readily information on when the receiver beam training procedure needs to be triggered, leading to a large overhead.
Observation 1: Network triggered Rx beam management procedure may lead to an increased overhead 
To reduce the overhead of the beam management procedure, a MT-triggered beam management procedure can be implemented. The MT may identify the need for a Rx beam switch before a beam management procedure is triggered by the network. This identification can be the result of a failure in PDSCH decoding, for example. Once the MT identifies that there is a need to do receive beam training, it can send the network a request to trigger beam management, at the first available transmission opportunity. 
Proposal 4: A MT triggered beam management procedure should be studied for overhead reduction in IAB
Furthermore, the MT might have multiple Tx/Rx antenna panels. The ability to transmit on multiple antenna panels, or indicate antenna panel switching, is crucial to reduce the overhead and the latency associated with the beam management procedure. In fact, indicating the group of beams that the MT is receiving or transmitting on, whether it belongs to one or multiple panels, is important to reduce overhead. As an example, for the DL beam management procedure, a configured hierarchical Rx beam sweeping structure at the MT where the receive beams are grouped according to different beam widths, different Rx beam panel, etc. and the MT indicates to the network to which group the best Rx beam belongs to.   Such grouping of the MT Rx beams results in a smaller overhead for the Rx beam procedure, especially in the presence of a large number of antennas at the MT. 
Proposal 5:  Indication of beam grouping at the MT should be supported .















Frame Structure Design and Access and Backhaul Multiplexing
A key advantage of IAB is that backhaul and access are integrated and multiplexed in the scheduler, allowing very dynamic resource allocation between the backhaul and access links (in both DL and UL directions). Even though the IAB relay node consists of two logical nodes each with its own protocol stack, the physical transceiver is shared between them. In other words the PHY of the MT and the PHY of the DU run on the same transceiver systems. The backhaul link and the access link can therefore be multiplexed in the following manner: 
1. Time Division Multiplexing: The access link and the backhaul link are time multiplexed with each other. This implies that IAB-MT PHY and IAB-DU PHY are not active simultaneously. 
2. Frequency Division Multiplexing: The access link and the backhaul link are active at the same time but on different frequency resources, e.g. on separate CC or on separate PRB on the same CC. 
3. Spatial Multiplexing: The access link and the backhaul link are active at the same time on the same frequency resources. This case further be divided in to the two following cases: 
a. Intra Panel SDM: The access and backhaul use the same panel but different spatial layers
b. Inter Panel SDM: The access and backhaul use different panels
Due to the half-duplex constraint at each relay node it can only transmit or receive at any given instance but not both. The MT PHY is in receive mode during a backhaul DL allocation and in transmit mode during a backhaul UL allocation. Similarly the DU PHY is in receive mode during an UL allocation and in transmit mode during a DL allocation as shown in Figure 5. 
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Figure 5: Half-duplex constraint at the relay
In Figure 6, TDM partitioning is shown with DL/UL switching gaps between both the backhaul directions as well as for the access links while a guard band is introduced between backhaul subframes in the case of FDM. 
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[bookmark: _Ref450668998]Figure 6: TDM/FDM of access and backhaul links
In addition, the multiplexing of the access and backhaul links should be backwards compatible to ensure Rel.15 UEs can be supported by IAB. Specifically, the latency/overhead introduced by orthogonal partitioning of resources in either time or frequency should be carefully considered, especially for mmWave frequencies which are typically TDD.  

During RAN1#94bis the following agreements were made for partitioning of resources for IAB nodes MTs and DUs:
Agreements:
From an MT point-of-view, the following time-domain resources can be indicated for the parent link:
· Downlink time resource,
· uplink time resource, 
· flexible time resource 
as in release 15.
From a DU point-of-view, the child link has the following types of time resources
· Downlink time resource,
· uplink time resource, 
· flexible time resource 
· not available time resources (not to be used for communication on the DU child links) 
Exact configuration for DU is FFS

Considering the multi-hop nature of the IAB network, more efficient usage of the DL/UL resources than strict TDM between parent and child links can be used even when taking into account the half-duplex constraint. When the donor gNB (hop 0) sends DL transmissions to the relay node of hop order 1, said rely node is receiving, hence it can schedule access UEs whose gNB it is in the UL. Alternatively, a second order relay node can transmit to the first order relay node when the latter is receiving from the donor node (hop 0). The resulting frame structure can result in cross-link interference at the UE which will be discussed in the next section. At the network side, the frame structure, and hence the interference, can be coordinated though. This implies that the frame-structure across the multiple hops need to staggered as shown in Figure 7.
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Figure 7: IAB frame structure
Proposal 6: In addition to TDM partitioning of parent and child links, IAB should support frame structure coordination mechanisms which enable alignment of DL transmissions of the IAB node’s DU with UL transmission slots of the IAB node’s MT as well as alignment of DL reception slots of the IAB nodes’ MT with UL reception slots at the IAB node’s DU.
In addition, during RAN1#94bis the following agreements were made:
Agreements:
· For each of the downlink, uplink and flexible time-resource types of the DU child link there are two flavors, hard and soft:
· Hard: The corresponding time resource is always available for the DU child link 
· Soft: The availability of the corresponding time resource for the DU child link is explicitly and/or implicitly controlled by the parent node. 

To support the different resource partitions discussed in this section the network may utilize semi-static TDD UL/DL configurations to coordinate between DU functions of different IAB nodes (e.g. using the F1 interface). However, more dynamic mechanisms for resource coordination should be studied. For example, the available DL/UL resources shared between access and backhaul links at a given IAB node may be dynamically optimized, depending on traffic load variations or radio measurements including RSRP or CLI measurements.
Figure 8 gives an example where the DL and UL alternates to ensure the half-duplex constraint is maintained at the IAB node, however during slot t + 1 and slot t + 2, the IAB parent node does not have any DL traffic to schedule (e.g. for access and backhaul links) for the child IAB node. However since the frame structure is semi-statically coordinated, the IAB DU cannot adapt the frame structure to allow DL transmissions (to access UEs or other IAB nodes) since it is not aware of the potential scheduling of the IAB parent node.
[image: ]
Figure 8: IAB frame structure without coordination
However, if the IAB parent and IAB node can perform dynamic frame structure coordination (DFSC), the parent node can indicate to the IAB MT function that a set of resources are available or released, overriding the semi-statically coordinated and configured DL/UL resource pattern. The IAB node can internally determine whether to utilize those newly available resources. Figure 9 gives an example of DFSC signalling and coordination, where at the beginning of the DL portion of slot t + 1 the IAB parent node indicates that the remaining DL resources in slot t + 1 and slot t + 2 are available for usage by the IAB DU for DL transmissions instead of UL taking into account delays associated with the reception processing time at the IAB node’s MT and scheduling processing time at the IAB node’s DU.
While the configuration of the “hard” DL/UL/Flexible resources is performed in a semi-static manner using F1/RRC signalling for the DU and MT respectively, in order to perform DFSC, existing Rel.15 signalling mechanisms can be used, namely the use of the GC-PDCCH to indicate the slot format(s) which can be used in the case of soft resources. In addition, potentially new slot formats can be defined in Rel.16 which can be optimized for TDM/SDM multiplexing of access and backhaul links.
Proposal 7: IAB should support dynamic frame structure coordination by using GC-PDCCH signalling from the parent IAB node to the child IAB node to indicate existing Rel.15 slot formats and potentially newly defined Rel.16 slot formats which are optimized for TDM/SDM multiplexing of access and backhaul links.
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Figure 9: IAB frame structure with dynamic coordination

Timing alignment for IAB
One of the key requirements of NR when operating in TDD band is the synchronization and symbol level alignment of the DL across all the gNB DUs. For IAB the relay DUs do not have any wired backhaul, therefore they must derive their timing synchronization over the air. 

During RAN1#94bis the following agreements were made:
Agreements:
· For Timing and Synchronization
· For case #1 & case #7, if DL TX and UL RX are not well aligned at the parent node, additional information about the alignment is needed for the child node to properly set its DL TX timing for OTA based timing & synchronization
· Case #7 to be supported if and only if compatible with release 15 Ues
· Further check w.r.t. compatibility
· Support of case #6 is FFS
· No other cases are supported

Figure 10, illustrates an example of Case #7 where in slot index #0, hop order N+1 aligns its uplink transmission from hop order N+2 with the downlink reception timing of hop order N using a negative offset to the TA value. It can then receive both transmissions in a synchronized manner allowing for both FDM and SDM of the both transmissions. However, hop order N+2 needs to align its downlink transmission timing with that of hop order N, requiring additional gaps (e.g. truncated DL or UL transmissions in the previous slot using) to be configured in the frame structure because transmissions are shifted with respect to each other by the difference of the propagation delays between hop orders and sufficient DL/UL switching time needs to be ensured along with potentially new larger TA values. In addition, as can be seen in Figure 10, the DL transmission and UL transmission cannot be aligned for the IAB node of hop order N+2, which implies that separate RF chains for the DU and MT may be required.
Observation 3: Support for Case #7 timing requires truncated DL and UL transmissions, negative TA offsets and larger TA values than currently supported in Rel.15, and potentially separate RF chains for the DU and MT.
Proposal 8: IAB supports Case 7 for IAB MTs and access UEs which support required TA enhancements including negative TA offsets and larger TA values than currently supported in Rel.15.
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Figure 10: Example frame structure under Case #7 timing alignment

Cross-link Interference Considerations

As captured in TR 38.874 Section 7.5, the impact of cross-link interference (CLI) on access and backhaul links (including across multiple hops) should be studied, along with interference measurement and management solutions.  
In addition to the time scale of CLI measurements (short term and long term measurements), another important aspect of CLI measurements is what the measurements actually consist of, in terms of content. If CLI is simply indicated by the measured power or there are more sophisticated measurement metrics provided in the CLI. In addition to the interference power, CLI measurement can include components such as load information, angle of arrival measurements, and multi-antenna based measurements. Load measurement is a critical entity that determines effective CLI, in addition to coupling. This is especially important in a dynamic interference environment such as IAB. Differential Angle of arrival measurements also allows mitigating interference relative to the receiver antenna panel. Furthermore, including multi-antenna processing related information allows a better assessment and indication of the effective CLI, as it takes into account the use of beamforming techniques at the transmitter and receiver that alters the effect of CLI. 
Furthermore, beam management framework that takes into account interference measurement, such that the Tx and Rx beams are chosen based on an SINR metric is important to decrease the effect of CLI across hop orders in the IAB scenario.  
Beam measurement and reporting based on L1-SINR has been agreed in RAN1#94b as part of multi-beam enhancements.
Agreement
· L1-SINR is supported. L1-RSRQ is not supported.
· Companies to study and provide definition of L1-SINR

To include an interference measurement in the beam management report, in addition to a channel measurement, we can configure a resource setting for beam management that includes CSI-RS-resource sets configured for channel measurement as well as interference measurement performed on CSI-IM or on NZP-CSI-RS. The UE can be configured with multiple report settings, such that the network may configure a report setting with CSI-RS resources corresponding to a strong interference source, while another report setting can be configured without a strong interference source. UE can select the transmit and receive beams independently for each of the report settings. 
Proposal 9: Beam measurement and reporting based on either L1-RSRP or L1-SINR is supported, depending on the presence of strong interference. 

Cross link interference measurements are important enablers for CLI management and mitigation. Taking into account cross link interference across alternate hop orders to choose the multi-hop topology becomes crucial to improve the overall system performance. This is shown in [2], where system-level results which compare different topology formation methodologies show that taking the interference into account can provide gains over the baseline RSRP-only approach.
Proposal 10: CLI across hop orders should be taken into account in topology formation in IAB.

CLI measurements for IAB, however, might impose on the frame structure and require special measurement instances, following the half duplex constraints. As a result coordination of CLI measurement occasions is required taking into account the multi-hop topology and whether semi-static or more dynamic frame structure coordination is being applied. 
Proposal 11: IAB should support short term and long term CLI measurement and coordination of measurement occasions across multiple backhaul hops, which can enable load measurement, identification of the level of coupling between interfering nodes, and take into account multiple antenna and beamforming techniques at the transmitter and receiver.

Power Control Considerations
As discussed in Section 2.3., based on the half duplex constraint when the access and backhaul are multiplexed at the same time (i.e. FDM or SDM) then the following combinations are allowed:
•	PHY receive: backhaul DL and access UL are FDM or SDM
•	PHY transmit: backhaul UL and access DL are FDM or SDM
Since we are multiplexing a DL and UL across access and backhaul power control becomes very important. In NR transmit and receive power levels of DL channels and UL channels can be very different. For example when the PHY is in receive mode then it must receive the backhaul DL transmission and the access UL transmission at the same time. These two could be FDM or SDM. However in this case the DL backhaul transmission is performed by the DU function of the parent node whereas the UL access transmission is performed by a MT of a child node or a UE. Therefore the EIRP of DL transmission is typically much higher than the EIRP of the UL transmission. Moreover in NR the UL transmissions are power controlled whereas DL transmissions are not. This implies that the backhaul DL and access UL will arrive at the receiver at very different levels as shown in Figure 11. A similar problem happens during the transmit stage when the backhaul PUSCH and access PDSCH are FDM or SDM with different power levels between the MT PHY and the DU PHY. 
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Figure 11: Power spectral density difference at the receiver for backhaul and access link
If the hardware is shared between the MT and DU (e.g. same panel or same RF chain) then such a receiver PSD difference can cause significant problem. The higher PSD of the DL backhaul will likely set the AGC which implies that the UL access signal will fall well below the level set by AGC, which would impact the SINR and therefore the overall throughput of the access transmission. 
In order to support FDM and SDM using the same RF (e.g. intra panel) it is very critical to enhance the power control mechanism for IAB. Specifically, DL and UL transmit power coordination between a parent and child IAB node needs to be supported. One mechanism for this coordination is to introduce open or closed loop power control for DL backhaul link transmissions. This would not only take into account the pathloss of the backhaul link, but the required PSD of the DL backhaul transmission from the parent node to equalize UL access transmissions at the receiver within an appropriate range.
Proposal 12: DL and UL transmit power coordination between IAB nodes should be supported, including mechanisms for DL power control between a parent and child IAB node.

Conclusion
This contribution analyzed potential physical layer enhancements for IAB. The following proposals were made:
Proposal 1: In the case of NSA deployments, both Stage 2 Solution 1-A and Solution 1-B can be used for initial IAB node discovery by the MT.
Proposal 2: IAB should support the configuration and coordination of orthogonal time/frequency resources and introduce new periodicities and time-domain mapping patterns for SSB transmissions (i.e. Solution 1-A, Solution 1-B) which are optimized for inter-hop discovery of IAB nodes up to 3 hops.
Proposal 3: The use of aperiodic out-of-sync and in-sync indications based on the beam failure recovery procedure should be supported to assist the RLF procedure for IAB-nodes.
Proposal 4: A MT triggered beam management procedure should be studied for overhead reduction in IAB.
Proposal 5:  Indication of beam grouping at the MT should be supported.
Proposal 6: In addition to TDM partitioning of parent and child links, IAB should support frame structure coordination mechanisms which enable alignment of DL transmissions of the IAB node’s DU with UL transmission slots of the IAB node’s MT as well as alignment of DL reception slots of the IAB nodes’ MT with UL reception slots at the IAB node’s DU.
Proposal 7: IAB should support dynamic frame structure coordination by using GC-PDCCH signalling from the parent IAB node to the child IAB node to indicate existing Rel.15 slot formats and potentially newly defined Rel.16 slot formats which are optimized for TDM/SDM multiplexing of access and backhaul links.
Proposal 8: IAB supports Case 7 for IAB MTs and access UEs which support required TA enhancements including negative TA offsets and larger TA values than currently supported in Rel.15.
Proposal 9: Beam measurement and reporting based on either L1-RSRP or L1-SINR is supported, depending on the presence of strong interference. 
Proposal 10: CLI across hop orders should be taken into account in topology formation in IAB.
Proposal 11: IAB should support short term and long term CLI measurement and coordination of measurement occasions across multiple backhaul hops, which can enable load measurement, identification of the level of coupling between interfering nodes, and take into account multiple antenna and beamforming techniques at the transmitter and receiver.
Proposal 12: DL and UL transmit power coordination between IAB nodes should be supported, including mechanisms for DL power control between a parent and child IAB node.
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