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Introduction
In RAN1 #93 meeting, the following agreements on physical layer enhancement for IAB are achieved:
[bookmark: _Hlk521503514]Agreements:
· To support the half-duplex constraint from the perspective of a given IAB node, IAB supports detection and measurement of candidate backhaul links (after initial access) which utilizes resources that are orthogonal in time from those used by access UEs for cell detection and measurement.
· The following solutions can be further considered:
· TDM of SSBs (e.g. depending on hop order, cell ID, etc.)
· SSB muting across IAB nodes
· Multiplexing of SSBs for access UEs and IABs within a half-frame or across half-frames
· Additional IAB node discovery signal TDM with SSB (e.g. CSI-RS)
· Use of off-raster SSBs
· Different transmission periodicity compared to the periodicity used by access UEs
· Further study coordination mechanisms for different solutions.
Agreements:
· IAB supports TA-based synchronization between IAB nodes, including across multiple backhaul hops
· Enhancements to existing mechanisms can be further studied
· The following cases should be further studied:
· Case 1: DL transmission timing alignment across IAB nodes and donor nodes
· Case 2: DL and UL transmission timing is aligned within an IAB node
· Case 3: DL and UL reception timing is aligned within an IAB node
· Case 4: within an IAB node, when transmitting using case 2 while when receiving using case 3
· Case 5: Case 1 for access link timing and Case 4 for backhaul link timing within an IAB node in different time slots.

In this contribution, we discuss more details about the physical layer enhancement for backhaul link management and timing alignment in the multi-hop deployment. 

[bookmark: _Ref178064866][bookmark: _Ref520107857]Node discovery and management
IAB inter-node discovery
When connected to the network under a certain parent/serving node (an IAB donor or a higher-level IAB node), the IAB node should be able to search for and measure on other, candidate, parent nodes. This should be possible despite an IAB-node half-duplex constraint.
Currently, the main idea is to use SSB and/or CSI-RS for IAB node discovery as well as the backhaul-link measurements [1]—[7]. The timing pattern of CSI-RS can be configured such that, in principle, it should be possible to avoid collision of CSI-RS transmission between different nodes, thereby enabling CSI-RS reception despite a half-duplex constraint. Therefore, CSI-RS can be used for backhaul-link monitoring. The problem is that CSI-RS are not designed to be searched for, but just to be measured on once a cell has been recognized. Rather, SSBs should be used for IAB node discovery.
The currently specified SSBs, intended for UE reception, however, cannot completely meet the needs for IAB node discovery. Assuming frame-aligned cells created by the IAB nodes, an IAB node cannot, due to the half-duplex constraint, receive SSB(s) from a cell of another node as that will coincide in time with SSB transmissions from cells of the IAB node itself.[footnoteRef:1] One example is shown in Figure 1 where the cells of IAB nodes locating at the first hop (IAB-N1 and IAB-N2) have their SSBs transmitted at the same time instants and therefore cannot detect each other. Therefore, additional SSB transmission configurations specific for IAB nodes are needed. It is also important that such transmissions do not confuse legacy UEs.   [1:  Due to the 20 ms (default) periodicity for SSB transmission, there can, for frame-aligned cells, actually be two different SSB transmission instances, shifted 10 ms (one frame) relative to each other. The different transmission instances could, for example, be used for “odd” and “even” IAB nodes respectively. Card] 


[image: ]
[bookmark: _Ref519866531]Figure 1: Example of aligned SSB transmission between some IAB nodes in the network which precludes the inter-node discovery.
There are two options of using SSBs for IAB inter-node discovery:
· Option 1: reusing SSBs intended for UE reception;
· Option 2: creating new SSBs for IAB MT which is TDMed with UE SSBs.
Creating new SSBs just for IAB node discovery in a TDM fashion would require for additional dedicated radio resources and configuration signaling on the backhaul links. The study on reusing SSBs intended for UE reception for IAB node discovery should be prioritized.
[bookmark: _Toc521569790][bookmark: _Toc521581524][bookmark: _Toc521583587][bookmark: _Toc521584639][bookmark: _Toc521584696][bookmark: _Toc521584941]Study on reusing SSB signal intended for UE reception to achieve IAB inter-node discovery should be prioritized. 
To enable inter-node discovery for the SSB-transmission-aligned IAB nodes, an IAB node may mute certain SSB transmission instances in order to enable discovery  of simultaneously transmitted SSBs form other nodes. The muting occasion(s) of the involved nodes should be misaligned such that each node can discover and be discoverable by any other relevant node. The pattern of muting occasion(s) of each IAB node can be configured either partially or fully centrally at the IAB donor.
[bookmark: _Toc520362354][bookmark: _Toc520724571][bookmark: _Toc520892657][bookmark: _Toc521481204][bookmark: _Toc521484484][bookmark: _Toc521501128][bookmark: _Toc521502922][bookmark: _Toc521504310][bookmark: _Toc521569788][bookmark: _Toc521581522][bookmark: _Toc521583585][bookmark: _Toc521584637][bookmark: _Toc521584694][bookmark: _Toc521584939]To enable inter-node discovery for the SSB-transmission-aligned IAB nodes, an IAB node may turn certain SSB transmission instances into receiving mode (aka muting) in order to discover the other nodes. The muting occasion(s) of the involved nodes should be misaligned such that each node can discover and be discoverable by any other relevant node.

[bookmark: _Toc520724573][bookmark: _Toc520892659][bookmark: _Toc521481206][bookmark: _Toc521484486][bookmark: _Toc521501130][bookmark: _Toc521502924][bookmark: _Toc521504312][bookmark: _Toc521569791][bookmark: _Toc521581525][bookmark: _Toc521583588][bookmark: _Toc521584640][bookmark: _Toc521584697][bookmark: _Toc521584942]Consider using SSB muting scheme for IAB inter-node discovery.
Muting all SSBs within a half radio frame (HRF)
For one IAB node to discover all the other nodes whose cells transmit SSBs at the same time instants as the node itself, the IAB node can mute all SSB transmissions within a half radio frame (HRF), i.e. an entire SS burst set so as to receive SSBs from the cells of other nodes. The time allocation of the muted-SSB-contained HRF needs to be orthogonal between the nodes that cannot discover one another without specific muting. One example is shown in Figure 2 for the two IAB nodes in Figure 1. 
To make the muting timing unique for each involved node, the time allocation of the muted-SSB-contained HRF can be based on the cell ID of each IAB node. For a certain IAB node, the occasions of muted-SSB-contained HRFs can be either periodic or pseudo-random. 
[image: ]
[bookmark: _Ref521570769]Figure 2: Muting all SSBs within a half radio frame (HRF) for inter-node discovery.
Assume that one IAB node mutes the SSBs in an HRF every  SSBs on an average to check for other SSBs. The orthogonality of muting timing implies that the  should be larger than the number of involved IAB nodes. The upper bound of affordable  for inter-node discovery (i.e., the longest searching interval) should be studied. Also, during the HRF where all SSBs are muted, all UEs in the cells of the corresponding IAB node will miss the SSBs. The impact of this event on the UEs should be further investigated.
Muting partial SSBs within an HRF
[image: ]
[bookmark: _Ref521572786]Figure 3: SS burst for node discovery.
The SS burst within an HRF is designed for beam sweeping as depicted in Figure 3. Repeated SSBs, which are TDMed as in Figure 4, are transmitted from respective beams. In practice, there is overlapping between adjacent beams. Consider that the granularity/precision of IAB node discovery may be different from the requirements for UE cell search. It is likely that not all beams or all SSBs in the SS burst are needed to be muted for an IAB node to discover the other nodes. The IAB node can have partial SSBs in a burst muted to listen to several directions while maintaining the SSB transmissions in the remaining directions for UEs. In this case, several involved IAB nodes can do the muting within the same HRF by having the muted SSBs misaligned. As exemplified in Figure 5, only every 4th SSB in the SS burst is muted to discover the other nodes. Different IAB nodes (at this point IAB-N1, IAB-N2, IAB-N4 and IAB-N5), which perform muting within the same HRF, have the muted SSBs misaligned in time. 
[image: ]
[bookmark: _Ref520279533]Figure 4: One piece of SSB transmission <Case D> in a half radio frame (HRF).

[image: ]
[bookmark: _Ref520291050]Figure 5: SSB muting pattern in the first 4 slots for IAB node discovery within one HRF.
In this case, the unique time allocation of the HRF, which contains muted SSBs, can be shared by several involved IAB nodes, as shown in Figure 6. Since more than one IAB node can perform node discovery within the same HRF, it is more flexible to configure the muting timing for each involved node. 
[image: ]
[bookmark: _Ref521575695]Figure 6: Muting partial SSBs within an HRF for inter-node discovery.
For the next HRF which contains muted SSBs, the muting of each related node can be configured to another set of beams/SSBs, as exemplified in Figure 7, so as to diversify the searching directions as well as randomize the affected directions due to the muted SSBs. 
[image: ]
[bookmark: _Ref521575854]Figure 7: SSB muting pattern in the first 4 slots for IAB node discovery within another HRF.
Comparing to the method of muting all SSBs within an HRF, the method presented in this subsection distributes the impact of muted SSBs over several time instants. Not all UEs in the cells of the IAB node are affected by the SSB muting. On the other hand, this method may require further channel measurements to track the true direction of the discovered node which may be detected from the SSB of a deviated beam.   
The pros and cons of both muting schemes should be further studied. 
[bookmark: _Toc521581526][bookmark: _Toc521583589][bookmark: _Toc521584641][bookmark: _Toc521584698][bookmark: _Toc521584943]When reusing SSBs intended for UE reception to achieve IAB inter-node discovery, two options can be considered:
· [bookmark: _Toc521581527][bookmark: _Toc521583590][bookmark: _Toc521584642][bookmark: _Toc521584699][bookmark: _Toc521584944]Option 1: Muting all SSBs within a half radio frame (HRF)
· [bookmark: _Toc521581528][bookmark: _Toc521583591][bookmark: _Toc521584643][bookmark: _Toc521584700][bookmark: _Toc521584945]Option 2: Muting partial SSBs within an HRF
The randomized/periodic muting within one HRF and between different SSB-contained HRFs create some “fake fading” to the UEs in the affected area where the UEs may not receive SSBs every now and then. The UE’s behavior upon this “fading” event should be further investigated to design the muting pattern that could minimize the UE performance degradation caused by the inter-node discovery on the backhaul links.	
[bookmark: _Toc521484488][bookmark: _Toc521501132][bookmark: _Toc521502926][bookmark: _Toc521504314][bookmark: _Toc521569793][bookmark: _Toc521581529][bookmark: _Toc521583592][bookmark: _Toc521584644][bookmark: _Toc521584701][bookmark: _Toc521584946]Study the impact of randomized/periodically muted SSBs from the cells of IAB nodes on the UE cell-search performance
IAB donor/node measurement and signaling
In the IAB network, the end-to-end UE performance is affected by the backhaul link conditions. However, due to the basic IAB requirements on backwards compatibility the devices may access the network via IAB nodes without any knowledge of the wireless backhauling architecture.
The IAB donor and IAB nodes need to coordinate, e.g., according to the backhaul link conditions, the aggregated traffic load on each IAB node, etc., to support the desired access connections and the required quality of services. If needed, the IAB node can deny the access of certain UE(s).  
[bookmark: _Toc520724572][bookmark: _Toc521501129][bookmark: _Toc521502923][bookmark: _Toc521504311][bookmark: _Toc521569789][bookmark: _Toc521581523][bookmark: _Toc521583586][bookmark: _Toc521584638][bookmark: _Toc521584695][bookmark: _Toc521584940][bookmark: _Toc520892658][bookmark: _Toc521481205][bookmark: _Toc521484485]Due to the basic IAB requirements on backwards compatibility the devices may access the network via IAB nodes without any knowledge of the wireless backhauling architecture. The IAB donor and IAB nodes need to coordinate to support the desired access connections and the required quality of services. 
To achieve a proper coordination in the multi-hop deployments, more knowledge about the IAB chain/tree may be needed besides the per-link channel measurement. For example, the traffic information around each node may be helpful. Including the traffic information (e.g., access traffic load of the connected UEs) of each IAB node in the topology formation managed by the IAB donor implicitly takes the multi-hop deployment and traffic aggregation influence along the hops into consideration [8]. Since the IAB network topology should not change frequently, the traffic information may be measured by an average value or expectation over a longer period of time (e.g., daytime, nighttime). Therefore, besides measuring its link quality periodically, each IAB donor/node may also measure the traffic load information from the directly connected access link over a longer period of time and report it to the associated IAB donor. The way to handle and the signaling to communicate the additional information between IAB donors/nodes should be further investigated. 
[bookmark: _Toc520724576][bookmark: _Toc520892662][bookmark: _Toc521481209][bookmark: _Toc521484489][bookmark: _Toc521501133][bookmark: _Toc521502927][bookmark: _Toc521504315][bookmark: _Toc521569794][bookmark: _Toc521581530][bookmark: _Toc521583593][bookmark: _Toc521584645][bookmark: _Toc521584702][bookmark: _Toc521584947]Study the enhanced IAB donor/node functionality and signaling to measure and communicate the backhaul conditions in terms of CSI, traffic information, resource budget consumption, etc., to support a formation of multi-hop backhaul connection being capable of supporting the end-to-end UE performance.  
Beam management over a certain link
Not all link failures would necessarily end up in switching to another parent node. The backhaul link failure may happen over a small-scale period of time, for example, when a moving object passes and blocks the current serving path. In this case, there is no need to change the node connection of the backhaul link as described in Section 2, but instead to take advantage of the multi-path channel environment to switch to alternative path between the same two nodes, e.g., via a reflected multi-path channel. Figure 8 exemplifies a multi-path scenario over a backhaul link. The switching can be achieved by proper beam management scheme. 
[image: ]
[bookmark: _Ref519846944]Figure 8: Multipath scenario to counteract possible link blockage.
For NR-PDCCH transmission supporting robustness against beam pair blocking, UE can be configured to monitor NR-PDCCH on  beam pair links simultaneously [9]. Since the robustness of backhaul links has more stringent requirements than the access links, this function may also be supported by the MT of IAB node. 
[bookmark: _Toc519850138][bookmark: _Toc519859481][bookmark: _Toc520113027][bookmark: _Toc520118029][bookmark: _Toc520362357][bookmark: _Toc520724577][bookmark: _Toc520892663][bookmark: _Toc521481210][bookmark: _Toc521484490][bookmark: _Toc521501134][bookmark: _Toc521502928][bookmark: _Toc521504316][bookmark: _Toc521569795][bookmark: _Toc521581531][bookmark: _Toc521583594][bookmark: _Toc521584646][bookmark: _Toc521584703][bookmark: _Toc521584948]Study the feasibility and necessity of configuring the MT of IAB node to monitor NR-PDCCH on multiple beam pair links simultaneously.
When the current serving path is blocked, the beam pair quality of an associated control channel falls below the predefined threshold or the signal is not received within a timer. The link recovery should quickly be triggered to switch to an alternative beam pair.  
To coordinate the beam switch between transmitter and receiver, there can be two options:
· Option 1: configure resources that the upstream DU of the IAB donor/node is listening from all or partial directions from the downstream IAB node, e.g., the random-access region[9]. The MT of the downstream IAB node transmits UL signals to report beam failure on the alternative beam. 
· Option 2: both sides of the backhaul link agree on the 1st, 2nd, …… strongest alternative beam pairs beforehand. Both sides switch to the alternative beam pair in an agreed manner when the blocking event occurs. 
The beam switch should be accomplished as soon as possible to reduce the impact on the aggregated traffic over backhaul links. The delay cost by redoing the complete channel measurement would be expensive in this respect. Therefore, it may require recording/tracking necessary configuration parameters, e.g., CQI, SNR, time adjustment (TA), MSE, etc., about the alternative beam pairs to reduce the start-up time of the alternative beam pairs.
[bookmark: _Toc519850139][bookmark: _Toc519859482][bookmark: _Toc520113028][bookmark: _Toc520118030][bookmark: _Toc520362358][bookmark: _Toc520724578][bookmark: _Toc520892664][bookmark: _Toc521481211][bookmark: _Toc521484491][bookmark: _Toc521501135][bookmark: _Toc521502929][bookmark: _Toc521504317][bookmark: _Toc521569796][bookmark: _Toc521581532][bookmark: _Toc521583595][bookmark: _Toc521584647][bookmark: _Toc521584704][bookmark: _Toc521584949]Study the beam-switch coordination schemes and which configuration parameters of the alternative beam pairs to track to enable quick beam switching and minimize service outage due to link blocking/failure. 
Timing alignment
In [11] we discuss the transmission timing of IAB nodes. Here we just repeat the proposal of [11]:
[bookmark: _Toc521504318][bookmark: _Toc521569797][bookmark: _Toc521581533][bookmark: _Toc521583596][bookmark: _Toc521584648][bookmark: _Toc521584705][bookmark: _Toc521584950]Conclude on of if a deviation from the requirement on inter-cell synchronization for IAB nodes goes against the basic IAB requirement on backwards compatibility:
· [bookmark: _Toc521504319][bookmark: _Toc521569798][bookmark: _Toc521581534][bookmark: _Toc521583597][bookmark: _Toc521584649][bookmark: _Toc521584706][bookmark: _Toc521584951]If yes: Agree on case 1, i.e. downlink transmissions of the IAB node is (approximately) time aligned with the downlink transmissions of the serving cell. This is achieved by shifting the downlink transmission of the IAB node TA/2 relative to the downlink reception from the serving cell.
· [bookmark: _Toc521504320][bookmark: _Toc521569799][bookmark: _Toc521581535][bookmark: _Toc521583598][bookmark: _Toc521584650][bookmark: _Toc521584707][bookmark: _Toc521584952]If no: Agree on case 2, i.e. downlink transmission of the IAB node is time aligned with the uplink transmission of the IAB node. 
Conclusion
In this contribution, we made the following observations:
Observation 1	To enable inter-node discovery for the SSB-transmission-aligned IAB nodes, each involved node may turn at least one transmitting instant into receiving mode (aka muting) in order to discover the other nodes. The muting occasion(s) of the involved nodes should be misaligned such that each node can discover and be discoverable by any other relevant node.
Observation 2	Due to the basic IAB requirements on backwards compatibility the devices may access the network via IAB nodes without any knowledge of the wireless backhauling architecture. The IAB donor and IAB nodes need to coordinate to support the desired access connections and the required quality of services.

Based on the above discussion we propose the following:
Proposal 1	Study on reusing SSB signal intended for UE reception to achieve IAB inter-node discovery should be prioritized.
Proposal 2	Consider using SSB muting scheme for IAB inter-node discovery.
Proposal 3	When reusing SSBs intended for UE reception to achieve IAB inter-node discovery, two options can be considered:
-	Option 1: Muting all SSBs within a half radio frame (HRF)
-	Option 2: Muting partial SSBs within an HRF
Proposal 4	Study the impact of randomized/periodically muted SSBs from the cells of IAB nodes on the UEs cell-search performance
Proposal 5	Study the enhanced IAB donor/node functionality and signaling to measure and communicate the backhaul conditions in terms of CSI, traffic information, resource budget consumption, etc., to support a formation of multi-hop backhaul connection being capable of supporting the end-to-end UE performance.
Proposal 6	Study the feasibility and necessity of configuring the MT of IAB node to monitor NR-PDCCH on multiple beam pair links simultaneously.
Proposal 7	Study the beam-switch coordination schemes and which configuration parameters of the alternative beam pairs to track to enable quick beam switching and minimize service outage due to link blocking/failure.
Proposal 8	Conclude on of if a deviation from the requirement on inter-cell synchronization for IAB nodes goes against the basic IAB requirement on backwards compatibility:
-	If yes: Agree on case 1, i.e. downlink transmissions of the IAB node is (approximately) time aligned with the downlink transmissions of the serving cell. This is achieved by shifting the downlink transmission of the IAB node TA/2 relative to the downlink reception from the serving cell.
-	If no: Agree on case 2, i.e. downlink transmission of the IAB node is time aligned with the uplink transmission of the IAB node.
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