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[bookmark: _Ref524607970]Introduction
In RAN1#93 [1] and RAN1#94 [2], the following agreements were reached:
Agreements:
· Downlink IAB transmissions (transmissions from an IAB node to child IAB nodes and UEs directly under the IAB node) should be scheduled by the IAB node itself.
· Uplink IAB transmission (transmissions from an IAB node to its parent node) should be scheduled by the parent node.
· Semi-static (on the timescale of RRC signaling) should be supported for resource (frequency, time in terms of slot/slot format, etc.) coordination between IAB nodes. 
· The following aspects should be further studied:
· Distributed or centralized coordination mechanisms
· Resource granularity of the required signaling (e.g. TDD configuration pattern)
· Exchange of L1 and/or L3 measurements between IAB nodes
· Exchange of topology related information (e.g. hop order) impacting RAN1 study
· Resource (frequency, time in terms of slot/slot format, etc.) coordination which is faster than semi-static coordination


Agreements:
· For the support of TDM, at least the following cases are supported:
	
	TDM Between:
	

	Case
	Link 1
	Link 2
	Supported by a pattern?

	1
	LP,DL
	LC,DL
	Yes

	2
	LP,UL
	LC,UL 
	Yes

	3
	LP,DL
	LC,UL
	Yes

	4
	LP,UL
	LC,DL 
	Yes

	5
	LP,DL
	LA,DL 
	Yes

	6
	LP,UL
	LA,UL 
	Yes

	7
	LP,DL
	LA,UL
	Yes

	8
	LP,UL
	LA,DL 
	Yes

	9
	LP,DL
	LA,DL and LC,DL
	Yes

	10
	LP,UL
	LA,UL and LC,UL
	Yes

	11
	LP,DL
	LA,UL and LC,UL
	Yes

	12
	LP,UL
	LA,DL and LA,DL
	Yes

	13
	LC,DL
	LA,DL 
	* At least Rel. 15 mechanisms can be used, FFS enhancements

	14
	LC,UL
	LA,UL 
	* At least Rel. 15 mechanisms can be used, FFS enhancements

	15
	LC,DL
	LA,UL
	* At least Rel. 15 mechanisms can be used, FFS enhancements

	16
	LC,UL
	LA,DL 
	* At least Rel. 15 mechanisms can be used, FFS enhancements



Note: A given pattern may include support for multiple cases, details FFS.
At least for Cases 1-12, an IAB node is configured with IAB-node specific resources in time available for the links:
· Further study details of the adaptation period and granularity (e.g. slot or symbol-level) of the pattern provided to the IAB node, including
· Explicit or implicit indication of the resources
· Enhancements to existing signaling mechanisms to indicate the pattern
· Further study the indication of resources within the configuration which can be dynamically and flexibly used for different links, including
· The need to consider the scheduling delay, IAB node processing delays, or information required to be available for the use of flexible resources
· Mechanisms to schedule flexible resources (e.g. GC-PDCCH)

In this contribution, resource allocation and scheduling schemes are discussed to achieve a flexible multiplexing and coordination of different link types as in Figure 1 of an IAB node. The configured time resources, in combination with proper scheduling strategies, will define specific time-resource patterns that can enable TDM between different links when needed while also allowing for simultaneous transmission and/or reception of different types of links by means of FDM/SDM when possible. 
[image: ]
[bookmark: _Ref525025895]Figure 1: Link terminology in the IAB network.
Terminology used in this contribution:
· DL parent backhaul: LP,DL, the downlink from the parent node to the IAB node (IAB node DL reception);
· UL parent backhaul; LP,UL, the uplink from the IAB node to the parent node (IAB node UL transmission);
· DL child backhaul: LC,DL, the downlink from the IAB node to a child (IAB) node (IAB node DL transmission);
· UL child backhaul: LC,UL, the uplink from a child IAB node to the IAB node (IAB node UL reception);
· DL access: LA,DL, the downlink to a UE served by the IAB node (IAB node DL transmission);
· UL access: LA,UL, the uplink from a UE served by the IAB node (IAB node UL reception);
· Child links: include both child backhaul links (LC,DL/LC,UL) and access links (LA,DL/LA,UL) under an IAB node. 

[bookmark: _Ref524961923]Resource coordination limitations
There are (at least) three factors and potential limitations that needs to be taken into account when considering the assignment of transmission resources to the different links of an IAB node:
· The node capability, for example whether an IAB node is capable of full duplexing or limited to half duplexing[footnoteRef:1], and the use of analog or digital beamforming. [1:  Current assumption is that IAB nodes are only capable of half-duplex. However, the specification should preferably also support future full-duplex-capable IAB nodes] 

· The possible lack of timing alignment between different links. This will, for example, impact the extent by which different links can be multiplexed by means of FDM/SDM within the same antenna panel. 
· The need to enable cross-link-interference (CLI) management. There may, for example, be a need to limit the scheduling of UE uplink transmission to certain time resources in order to avoid the direct UE-to-UE interference illustrated in Figure 2. 

[image: ]
[bookmark: _Ref524958441]Figure 2: Cross-link interference in form of direct device-to-device interference
[bookmark: _Toc525204827][bookmark: _Toc525217946][bookmark: _Toc525218282][bookmark: _Toc525218633][bookmark: _Toc525223769][bookmark: _Toc525223924][bookmark: _Toc525558505][bookmark: _Toc525559275][bookmark: _Toc525631247][bookmark: _Toc525635688][bookmark: _Toc525716837][bookmark: _Toc525733410][bookmark: _Toc525825409][bookmark: _Toc525830051][bookmark: _Toc525892412][bookmark: _Toc525905435]There are (at least) three factors that needs to be taken into account when considering the assignment of transmission resources to the different links of an IAB node: node capability, possible lack of timing-alignment between different links, and cross-link-interference (CLI) management.

There is thus a need for a flexible mechanism to configure the resources to different links of the IAB node. Such mechanisms should make it possible to adjust to different limitations as the ones described above while still keeping a high-degree of flexibility for the IAB-node scheduler, enabling high efficiency in terms of IAB-node resource utilization.
[bookmark: _Ref525201289]Resource configuration sets

In this paper we assume that an IAB node is configured by different sets consisting of time-domain resources, where a time-domain resource may, for example, correspond to a slot. The parent node thereby configures the time resources that belong to different pre-defined resource sets to restrict the behavior of the IAB node in different ways. This, then, also impacts the degree of freedom that the IAB node has in terms of configuring/scheduling its child links. Within the constraints of the configured sets, the IAB node can flexibly schedule its child links but still keep necessary coordination between the IAB nodes and the parent node.
Set-1: DL backhaul (LP,DL)
In case of half-duplex constraints, an IAB node cannot be assumed to be able to continuously receive on the downlink (link LP,DL). Thus, we propose that an IAB node can be configured with a set of time-domain resources (here simply referred to as “Set-1”) in which the parent node can assume that the IAB node can receive the DL backhaul (LP,DL). 
Note that the local behavior of the IAB node, in terms of scheduling of child links, for Set-1 time resources may vary depending on the IAB-node duplexing capability, analog/digital beamforming, timing-alignment strategy, etc. Within the time-domain resources of Set-1, an IAB node employing analog beam-forming may, for example, only be able to receive on the UL child links (from child nodes and UEs) within an antenna panel different from the backhaul antenna panel.  For an IAB node employing digital beamforming, this limitation may not apply. A future full-duplex-capable may even be able to transmit on DL child links within the time resources of  Set-1. 
If an IAB node is provided with an explicit scheduling grant for uplink transmission (LP,UL) the parent node will be aware of this and can take that into account in the downlink scheduling. Thus, an explicit scheduling grant for uplink transmission should be override the Set-1 restriction. 
Set-2: UL backhaul (LP,UL)
For data transmission, there is no absolute need to configure specific time-domain resources indicating when uplink backhaul transmission can take place. Rather, uplink transmission on the parent backhaul link can, in principle, solely be dynamically controlled by scheduling grants provided by the parent node. 
If uplink transmission (LP,UL) and downlink transmission (LC,DL) cannot take place simultaneously within the IAB node, this can be avoided by the IAB node simply not scheduling any downlink transmission when it has been provided with a scheduling grant and has data available for uplink transmission.
On the other hand, if uplink backhaul transmission is only controlled by dynamic scheduling grants provided by the parent, the IAB node may issue a scheduling grant for uplink transmission from a child node or a UE during the same time resource. If the IAB node then carries out uplink data transmission according to the scheduling grant provided by the parent, the transmission from the child/UE cannot be received.  
To be able to avoid this situation, we propose that the IAB node may be configured with a second set of time resources (here simply referred to as Set-2) within which the IAB node can assume it may be scheduled on the UL parent backhaul. 
The IAB node that is only capable of half-duplexing should preferably not schedule UL transmission from its child node and/or UEs on Set-2 resources in order to completely avoid scheduling collision at the IAB node.  IAB node that is not capable of FDM/SDM between UL parent backhaul and DL child links (e.g., due to transmit timing misalignment) should not transmit on DL child links at the UL scheduled time resources. 
[bookmark: _Hlk525198526]When the IAB node issues scheduling grants to its child node(s) or UEs, it may in addition be based on some prior knowledge, for example, the probability of receiving a scheduling grant from a parent node at a certain time resource, so as to use the time resources more efficiently. In any case, if collision happens between the scheduling grant available for the UL parent backhaul, and the already issued scheduling assignment to the IAB node’s child node or UEs, the scheduling collision should be resolved in a pre-defined/on-demand manner.  
As exemplified in Figure 3, where each time resource in the sets is one slot, collision may happen between the scheduling grants of the parent node and the IAB node. In this example, slot n+2 is not restricted by the parent node, therefore the IAB node can either assign it to UL or DL to its child links. 
If a collision happens between a scheduling grant available for the UL parent backhaul (LP,UL) and an already issued scheduling grant for the UL child backhaul (LC,UL), and the IAB node has data available for uplink transmission on LP,UL, there are two options:
· Option 1: the IAB node transmits on UL parent backhaul and ignore the possible UL transmission from child links;
· Option 2: the IAB node does not transmit on UL parent backhaul 
Option 1 implies somewhat higher interference as the child-node/UE in question would have made an “unnecessary” transmission. Option 2 is at the risk of congestion because before forwarding the buffered data to the parent node, the IAB node accumulates even more new data from the child node or UEs by receiving in the UL child links.
[image: ]
[bookmark: _Ref525891598]Figure 3: Example of scheduling collision.

Set-3: Access-specific avoidance
It is a typical assumption that direct UE-to-UE interference should be avoided in unpaired spectrum. To enable this, we propose an IAB node could be configured with a third set of time-domain resources, here simply referred to as Set-3, that indicates the resource in which the IAB node should not schedule uplink transmissions from UEs (LA,UL). 
Note that, typically, the same Set-3 would be configured for all the IAB nodes in a local area. 
Besides the time resources belonging to any of the above three sets, the IAB node can also be configured with a set of time resources during which the IAB node can make local decisions on, e.g., how to multiplex child links, or how to react on scheduling grant/assignment from the parent node.
Proposals
[bookmark: _Toc525204829][bookmark: _Toc525217948][bookmark: _Toc525218284][bookmark: _Toc525218635][bookmark: _Toc525223771][bookmark: _Toc525223926][bookmark: _Toc525558507][bookmark: _Toc525559277][bookmark: _Toc525631249][bookmark: _Toc525635690][bookmark: _Toc525716839][bookmark: _Toc525733412][bookmark: _Toc525825411][bookmark: _Toc525830056][bookmark: _Toc525892417][bookmark: _Toc525905440][bookmark: _Hlk525922556]Define the following set of time-resources for IAB-node resource configuration:
· [bookmark: _Toc525204830][bookmark: _Toc525217949][bookmark: _Toc525218285][bookmark: _Toc525218636][bookmark: _Toc525223772][bookmark: _Toc525223927][bookmark: _Toc525558508][bookmark: _Toc525559278][bookmark: _Toc525631250][bookmark: _Toc525635691][bookmark: _Toc525716840][bookmark: _Toc525733413][bookmark: _Toc525825412][bookmark: _Toc525830057][bookmark: _Toc525892418][bookmark: _Toc525905441]Set-1: time resources during which the IAB node should be capable of receiving the DL backhaul (LP,DL)
· [bookmark: _Toc525204831][bookmark: _Toc525217950][bookmark: _Toc525218286][bookmark: _Toc525218637][bookmark: _Toc525223773][bookmark: _Toc525223928][bookmark: _Toc525558509][bookmark: _Toc525559279][bookmark: _Toc525631251][bookmark: _Toc525635692][bookmark: _Toc525716841][bookmark: _Toc525733414][bookmark: _Toc525825413][bookmark: _Toc525830058][bookmark: _Toc525892419][bookmark: _Toc525905442]Set-2: time resources during which the UL parent backhaul (LP,UL) may be scheduled.
· [bookmark: _Toc525204832][bookmark: _Toc525217951][bookmark: _Toc525218287][bookmark: _Toc525218638][bookmark: _Toc525223774][bookmark: _Toc525223929][bookmark: _Toc525558510][bookmark: _Toc525559280][bookmark: _Toc525631252][bookmark: _Toc525635693][bookmark: _Toc525716842][bookmark: _Toc525733415][bookmark: _Toc525825414][bookmark: _Toc525830059][bookmark: _Toc525892420][bookmark: _Toc525905443]Set-3: time resources during which the IAB node should not schedule transmission on UL access links (LA,UL)
[bookmark: _Toc525733416][bookmark: _Toc525825415][bookmark: _Toc525830060][bookmark: _Toc525892421][bookmark: _Toc525905444]During time resources not part any of the above sets, the IAB node can make local decisions on how to schedule child links and how to react on scheduling grant/assignment from the parent node.


If a collision happens between a scheduling grant available for the UL parent backhaul (LP,UL) and an already issued scheduling grant for the UL child backhaul (LC,UL), and the IAB node has data available for uplink transmission on LP,UL, there are two options: 
· Option 1: the IAB node transmits on UL parent backhaul and ignore the possible UL transmission on the child link;
· Option 2: the IAB node does not transmit on UL parent backhaul

Multiplexing of different link types
The pre-defined sets as in Section 3, in combination with local scheduling strategies, can be used to create specific time-resource patterns that can enable TDM between different link types in Figure 1 of an IAB node when needed while also allowing for simultaneous transmission and/or reception of different link types by means of FDM/SDM when possible. 
Except for Set-3 which is preferably the same for all IAB nodes within a local area, both Set-1 and Set-2 together with the Set of unrestricted time resources may be different for different IAB nodes. If the configuration of each set is done by the respective parent node, it is referred to as distributed resource configuration. Otherwise, if the configuration is done in a centralized manner (e.g., with certain centralized coordination), it is referred to as centralized resource configuration.
The TDM patterns
The agreed TDM pattern in [2] may happen in the following cases summarized in Table 1. 
[bookmark: _Ref525633469]Table 1: Possible TDM patterns
	
	TDM Between:
	

	Case
	Link 1
	Link 2
	Scheduling condition at the IAB node

	1
	LP,DL
	LC,DL
	Set-1, half-duplexing IAB node

	2
	LP,UL
	LC,UL 
	Set-2 and/or resolving scheduling collision, half-duplexing IAB node

	3
	LP,DL
	LC,UL
	Set-1, reception timing of LP,DL and LC,UL on the same panel misaligned, and/or limited beamforming capability

	4
	LP,UL
	LC,DL 
	Set-2, transmission timing of LP,UL and LC,DL on the same panel misaligned, and/or limited beamforming capability

	5
	LP,DL
	LA,DL 
	Set-1, half-duplexing IAB node

	6
	LP,UL
	LA,UL 
	Set-2 and/or resolving scheduling collision, half-duplexing IAB node

	7
	LP,DL
	LA,UL
	Set-1, limited beamforming capability

	8
	LP,UL
	LA,DL 
	Set-2, transmission timing of LP,UL and LA,DL on the same panel misaligned, and/or limited beamforming capability

	9
	LP,DL
	LA,DL and LC,DL
	Set-1, half-duplexing IAB node

	10
	LP,UL
	LA,UL and LC,UL
	Set-2 and/or resolving scheduling collision, half-duplexing IAB node

	11
	LP,DL
	LA,UL and LC,UL
	Set-1, reception timing of LP,DL and LC,UL, LA,UL on the same panel misaligned, and/or limited beamforming capability

	12
	LP,UL
	LA,DL and LA,DL
	Set-2, transmission timing of LP,UL and LC,DL, LA,DL on the same panel misaligned, and/ or limited beamforming capability

	13
	LC,DL
	LA,DL 
	In Set-3, limited beamforming capability

	14
	LC,UL
	LA,UL 
	Not in Set-3, limited beamforming capability

	15
	LC,DL
	LA,UL
	Not in Set-3, half-duplexing IAB node

	16
	LC,UL
	LA,DL 
	In Set-3, half-duplexing IAB node



Distributed resource configuration
The distributed resource configuration is more dynamic, which fits better to the network traffic requirements. However, since the decision is made locally by each parent node, it would be hard to achieve the resource coordination between IAB nodes which are not directly connected. One example is shown in Figure 4 that both IAB-N1 and IAB-N4 are allocated with the same time resources belonging to the unrestricted Set. If the two nodes happen to decide locally to use the time resources in the opposite transmission directions, CLI may happen between the backhaul links.
[image: ]
[bookmark: _Ref525731174]Figure 4: Resource conflicts due to local decisions.
Therefore, additional CLI management schemes need to be considered and are FFS.

Centralized resource configuration
The centralized resource configuration defines the sets for each IAB node in a cooperative manner such that the CLI across the local network is better managed at the cost of higher signaling overhead. Since the coordination follows the same “rules” across the IAB chain, it can be expected that the IAB nodes connected to the same parent node would have the same resource allocation. In this section, two (semi-static) coordination patterns are presented considering half-duplexing IAB nodes.
Resource pattern 1: TDM of DU and MT
In this coordination pattern, the IAB nodes take turns to perform as DU and MT, respectively, which are differentiated by colors in Figure 5. The time resources are further divided into DL and UL respectively, which are differentiated by line styles. 
[image: ]
[bookmark: _Ref524530427]Figure 5: Semi-static pattern option-1.
[bookmark: _Hlk525902944][bookmark: _Hlk525814073][bookmark: _Hlk525903191]The pattern option-1 is composed by four phases (differentiated by colors and line styles), which can be represented by time resources belonging to zero, one or multiple Sets (as defined in Section 3) for resource allocation. One example of the configuration a parent node sends to its child node(s) is shown in Figure 6, where the configuration is issued by the corresponding node who performs as a parent node, each square indicates one time resource and the numbering indicates the corresponding set that the time resource belongs to. The square marked by “1/3” means that time-domain resource belongs to both Set-1 and Set-3. The “X” indicates that no scheduling restriction is imposed at that time resource. The resource configurations in time are based on the coordination of the four phases, whereas the duration, occurrence frequency and order of each phase reflected in resource allocation are adjustable. 
[image: ]
[bookmark: _Ref524612633]Figure 6: Semi-static resource configuration issued by the denoted nodes who perform as parent nodes based on pattern option-1.
[bookmark: _Hlk525903429]In this example, IAB-N1 and IAB-N4 connect to the same parent node, therefore granted with the same time-resource configuration patterns. As a result of the centralized coordination, they will send the same time-resource configuration pattern to their respective child node(s), as shown in Figure 6. IAB-N1, as a child node of the IAB donor, would preferably not schedule any child backhaul links during the time resources used by the parent backhaul links (dashed-blue and dotted-blue) according to the configured sets. It may schedule LA,UL during the time resources denoted by dotted blue since they do not belong to Set-3, but in practice IAB-N1 will not do so due to the half-duplexing constraints. The LA,DL can only be scheduled together with LC,DL due to the half-duplexing constraint.
Timing-wise, as shown in Figure 7, the pattern option-1 allows the IAB DU having its DL transmitting and UL receiving aligned as at a normal base station. The IAB MT receives the DL transmission from its parent node with a certain propagation delay, and it transmits in the UL based the TA command from its parent node. This is similar to the behavior of a UE. The IAB node can derive the reference timing line, which is the line for “DL transmission timing alignment across IAB nodes and donor nodes”, based on .      
[image: ]
[bookmark: _Ref524531071]Figure 7: Timing alignment of semi-static pattern option-1 (the colored blocks only show the starting lines of the DL/UL data).

Resource pattern 2: FDM/SDM of DL and UL reception
The backhaul links of option-1 in Figure 5 are composed of four phases in time. As indicated in [3], simultaneous reception of DL parent backhaul and UL child backhaul is feasible (Case 7 [2]), which can reduce the backhaul links into three phases, as shown in Figure 8. To avoid CLI, one dedicated phase (dotted purple in this example) is reserved for UL access at all nodes, which also implicitly avoids the power imbalance issue for simultaneous reception of access and backhaul links. Again, the resource allocation example with respect to the four phases in coordination pattern option-2 is shown in Figure 9. 
[image: ]       
[bookmark: _Ref524534422]Figure 8: Semi-static pattern option-2.
[image: ]
[bookmark: _Ref524612700]Figure 9: Semi-static resource configuration issued by the denoted nodes who perform as parent nodes based on pattern option-2.
[bookmark: _Hlk525903800]In this example, there are time resources which belong to Set-1 from configuration of the parent node and belong to Set-2 from the configuration of the IAB node. These are the time resources that the IAB node can have simultaneous reception of DL parent backhaul LP,DL and UL child backhaul LC,UL. The DL access (LA,DL) of an intermediate node cannot be scheduled at Set-1 time resources due to half-duplexing constraint. It may not be scheduled at Set-2 time resources due to transmit timing misalignment. So, it is most likely scheduled together with LC,DL.
To enable the simultaneous DL (from the parent node) and UL (from the child node(s)) reception at an IAB node, the reception timing should be aligned as in Figure 10. Comparing to the DL transmission timing, the UL reception timing of an IAB node is delayed by the amount of , which is the propagation delay between the IAB node and its parent node. To facilitate the child node(s) calculating their DL transmission timing which should be aligned across IAB nodes and donor nodes, the IAB node broadcasts the value  it used for UL reception timing adjustment to all its child nodes, in addition to the node-/UE-specific TA commands. The DL transmission timing at the child node can be derived as: .
[image: ]
[bookmark: _Ref524598066]Figure 10: Timing alignment of semi-static pattern option-2 (the colored blocks only show the starting lines of the DL/UL data).
[bookmark: _Ref178064866]Proposals

1.  Define the following set of time-resources for IAB-node resource configuration:
· Set-1: time resources during which the IAB node should be capable of receiving the DL backhaul (LP,DL)
· Set-2: time resources during which the UL parent backhaul (LP,UL) may be scheduled.
· Set-3: time resources during which the IAB node should not schedule transmission on UL access links (LA,UL)
During time resources not part any of the above sets, the IAB node can make local decisions on how to schedule child links and how to react on scheduling grant/assignment from the parent node.


If a collision happens between a scheduling grant available for the UL parent backhaul (LP,UL) and an already issued scheduling grant for the UL child backhaul (LC,UL), and the IAB node has data available for uplink transmission on LP,UL, there are two options: 
· Option 1: the IAB node transmits on UL parent backhaul and ignore the possible UL transmission on the child link;
· Option 2: the IAB node does not transmit on UL parent backhaul
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