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[bookmark: _Ref520123766]Introduction
In RAN1#93, the following proposals on evaluation methodology for IAB were mentioned [1] :
· For heterogeneous scenario (dense urban), IAB node is assumed to have 3 panels with 120 degree shift relative to each other. Companies can simulate either panel orientation options below:
· Option 1: The panel for IAB node is oriented in a suitable direction after the topology formation (e.g. in the direction of the parent node).
· Option 2: Random orientation (independent of topology)
· In addition to RSRP, other factors to avoid the backhaul link congestion can also be included for parent node selection. The detailed algorithm is up to companies’ choice and should be reported by companies. 

In this contribution, we discuss more details on the topology formation procedures in case of multi-hop scenario to make the corresponding IAB performance evaluation more relevant. 
[bookmark: _Ref178064866]Multi-hop topology formation
One main issue of setting up multi-hop topology for IAB performance evaluation is to find the serving or parent node for each IAB node. The parent node can either be an IAB donor or another IAB node in the network. 
[bookmark: _Toc519696174][bookmark: _Toc519696265][bookmark: _Toc519756288][bookmark: _Toc519759811][bookmark: _Toc520121772][bookmark: _Toc520125811][bookmark: _Toc520126087][bookmark: _Toc520205350][bookmark: _Toc521494745]The the current two options of adding panel orientation do not serve properly to multi-hop topology formation. Option 1 which adds panel orientation after topology formation may change the link strength towards the potential child nodes and therefore make the current topology no longer optimal. Option 2 which uses random orientation degrades the advantage of using directional antenna panels. 
[bookmark: _Toc519696177][bookmark: _Toc519696267][bookmark: _Toc519756290][bookmark: _Toc519759813][bookmark: _Toc520121775][bookmark: _Toc520125814][bookmark: _Toc520126090][bookmark: _Toc520205353][bookmark: _Toc521494748]The panel orientation of IAB nodes should be included in the process of topology formation 
In [2]—[4], topology formation by iteratively adding one IAB node with the best link quality is described. However, only using the per-link pass-loss or RSRP to determine the parent node does not consider the fact that in the multi-hop case the backhaul traffic is not only carried by a single link but travels along a certain backhaul path over multiple links towards/from the IAB donor. Topology formed based on best link quality does not well represent the pros and cons of the IAB multi-hop deployment. 
[bookmark: _Toc519696175][bookmark: _Toc519696266][bookmark: _Toc519756289][bookmark: _Toc519759812][bookmark: _Toc520121773][bookmark: _Toc520125812][bookmark: _Toc520126088][bookmark: _Toc520205351][bookmark: _Toc521494746]In case of multi-hop topology, using only the per-link pass-loss or RSRP to determine the parent node does not consider the end-to-end performance achieved by the IAB chain from the donor all the way to the outermost IAB node.
[bookmark: _Toc520121776][bookmark: _Toc520125815][bookmark: _Toc520126091][bookmark: _Toc520205354][bookmark: _Toc521494749]The decision of parent node for a given IAB node should be based on the end-to-end performance from the donor to the IAB node instead of only based on the link performance between the parent node and the IAB node. 

[bookmark: _Toc519696176][image: ]
[bookmark: _Ref519756265]Figure 1: Heterogeneous cell layout for dense urban scenario.
Regarding the heterogeneous layout as in Figure 1, the topology formation procedure with panel orientation of IAB nodes added in the process can be as follows:
1) Assume  IAB donors (macro nodes) are located at the fixed positions of the hexagonal grid, as in Figure 1. The IAB donor is equipped with 3 panels, each of which points to a cell center.  IAB nodes, initially assumed to have isotropic antenna, are dropped randomly around each IAB donor (i.e., ). The minimal distance between nodes follows TR36.897 for ISD = 500 and proportionally scaled for ISD = 200 [1].
2) The potential-parent-node set A is initialized containing all IAB donors, whereas the unserved-IAB-node set B is initialized containing all IAB nodes.
3) [bookmark: _Ref519689612]According to the predefined metric, calculate/update the potential performance/quality served by the candidate links between all nodes in set A and all nodes in set B. 
· The calculation should include the directional antenna gain from each panel of the potential parent nodes towards the IAB nodes in set B. 
· The calculation should reflect the end-to-end performance from the IAB donor to the IAB node to be added, impacted by all the on-path IAB nodes in case of multi-hop topology. A detailed example will be given in Section 2.1.
4) [bookmark: _Ref519756623]The IAB node corresponding to the maximal value of the potential performance calculation in 3) is determined to be associated with the corresponding parent node from set A. This IAB node is also moved from set B to set A. 
5) Add 3 panels to the newly added IAB node in 4) with one of the panels pointing towards the parent node. 
6) Go to 3) if set B is not empty.  
[bookmark: _Ref519756531]End-to-end quality instead of link quality
To illustrate the difference between end-to-end-quality and link-quality metrics, one example is shown in Figure 2. The IAB-N1 and IAB-N3 have been added to the network. IAB-N1 is served by IAB-DN1 (donor), and IAB-N3 is served by IAB-N1. The not yet connected node IAB-N2 could be camped on with three links to IAB-DN1, IAB-N1 and IAB-N3, respectively. Since all the traffic to/from IAB-N2 are eventually to/from IAB-DN1, it is more relevant to compare the three possible end-to-end paths from IAB-N2 to IAB-DN1: one is directly connected to IAB-DN1, one is via IAB-N1 to IAB-DN1 and the third is via IAB-N3 and IAB-N1 to IAB-DN1. 
[image: ]
[bookmark: _Ref519690733]Figure 2: Example of end-to-end quality and link quality.
Let  denote the RSRP-based measure of the link quality between nodes  and , for example, path-loss, SNR, achievable rate, etc. One way to measure the end-to-end quality is to check the bottleneck of the path, i.e., the minimal value of  over the links along a certain path. In this case, the different results from link-quality and end-to-end-quality metrics become:
	Link quality:
	

	End-to-end quality: 
	



Regarding the end-to-end quality metric, if  is calculated only based on the per-link RSRP, one risk is that the resulted number of hops could be unreasonably large, for example, when all the connected links are equally good (e.g., there is no obvious bottleneck along a path). The reason is that it only considers for the best performance of the newly added node, but not for this lower-level node’s impact on the higher-level nodes in the IAB chain/tree. It leads to a disadvantage of the large number of hops: the traffic from lower-level node(s) aggregate at the higher-level nodes and consume resources which will otherwise be devote to the users served by those nodes. However, adding a hard cap on the maximal number of hops is a not flexible solution either regarding different network deployments. 
[bookmark: _Ref520123780]Impact of aggregated traffic at the parent nodes
One solution is to also include the aggregate-traffic change at all the higher-level nodes in the topology formation when a new IAB node is to be added as a child node. Let  denote a traffic weight at IAB node . Regarding the example in Figure 2, before IAB-N2 is added, the link measurement can be defined as the rate per traffic unit at a node, i.e.,  and . When IAB-N2 is about to camp on, one should not only calculate , , and  respectively for the candidate links, but also update  and  before calculating the end-to-end quality. The update of  and  reflects the impact of the new IAB node to the potential higher-level nodes that are already connected in the network. When setting  for all , the impact from the the number of hops is directly weighted. 
 
[bookmark: _Toc519696178][bookmark: _Toc519696268][bookmark: _Toc519756291][bookmark: _Toc519759814][bookmark: _Toc520121777][bookmark: _Toc520125816][bookmark: _Toc520126092][bookmark: _Toc520205355][bookmark: _Toc521494750]The decision of associating an IAB node to a parent node should not only consider for maximizing the performance of users served by the new IAB node, but also consider for minimizing the impact on the performance of all affected higher-level nodes that have already been in the network as well as the users served by those IAB nodes. 
[bookmark: _Toc519696179][bookmark: _Toc519696269][bookmark: _Toc519756292][bookmark: _Toc519759815][bookmark: _Toc520121778][bookmark: _Toc520125817][bookmark: _Toc520126093][bookmark: _Toc520205356][bookmark: _Toc521494751]Adding weights of each IAB node regarding the served traffic or the number of hops to topology formation should be studied to avoid link congestion. 
Simulation results
Figure 3 shows the topology for a heterogeneous network with fixed IAB donors (marked by blue stars) and randomly dropped IAB nodes (marked by red stars). The green lines indicate the picked backhaul links following the procedure described Section 2.1, where the solid line indicates the backhaul link is served by a LoS connection and the dashed line indicates the backhaul link is served by a NLoS connection. The antenna panel of each IAB donor/node is notified with a triangle around the node marker with a certain rotation, which is also determined in the process of topology formation. The results in Figure 3 are obtained when the number of hops is counted by setting  for all  (see 2.1.1) in the performance comparison in each iteration.  
[image: ]
[bookmark: _Ref520121332]Figure 3: Network map and topology connection when no max-number-of-hops limit is imposed.
Figure 4 compares the distribution of resulted number of hops with two different end-to-end performance metrics for comparison regarding the same network deployment as in Figure 3. The blue line uses the metric to maximize the minimal link SNR along a certain path from the donor to the IAB node (i.e., maximize the bottom-neck link performance), whereas the red line uses the metric to maximize the minimal rate per traffic unit of the IAB nodes along the path from the donor to the IAB node as depicted in Section 2.1.1 with  for all . The results show that the number of hops is implicitly limited by considering the impact of the aggregated traffic at the parent nodes in terms of number of hops. 
[image: ]
[bookmark: _Ref520123358]Figure 4: Distribution of the number of hops when using different parent-node selection metrics.
Furthermore, Figure 5 and Figure 6 show the performance measurements for comparison in each iteration used in the two metrics described above for Figure 4. The results when a hard cap is added on the maximal number of hops are also presented. Both figures clearly show the benefit of having multi-hop IAB deployment comparing to the single-hop relay case.
[image: ]
[bookmark: _Ref520124108]Figure 5: Distribution of the minimal link SNR in the path towards each IAB node.
[image: ]
[bookmark: _Ref520124114]Figure 6: Distribution of the minimal rate per traffic unit of the nodes along the path towards each IAB node.
[bookmark: _Toc520121774][bookmark: _Toc520125813][bookmark: _Toc520126089][bookmark: _Toc520205352][bookmark: _Toc521494747]Multi-hop IAB deployment improves the connection between the UE and the serving IAB donor comparing to the single-hop relay. 

One reason of the multi-hop advantage is that the pathloss of LoS and NLoS links differ a lot at the mmWave range [5]. As shown in Figure 7, for the same network deployment and channel environment, if only single hop is allowed, most of the IAB nodes can only connect to the IAB donor via a NLoS link, whereas in Figure 3 they can actually connect to other IAB nodes via LoS links. The tradeoff between the connection improvement brought by the multi-hop deployment and the associated disadvantages, e.g., increased overhead, aggregated traffic, changed interference environment, etc., should be further investigated. 
[image: ]
[bookmark: _Ref520124793]Figure 7: Network map and topology connection when only single-hop relay is allowed. 
[bookmark: _Toc520125818][bookmark: _Toc520126094][bookmark: _Toc520205357][bookmark: _Toc521494752]The tradeoff between the connection improvement brought by the multi-hop deployment and the associated disadvantages, e.g., increased overhead, aggregated traffic, changed interference environment, etc., should be further investigated.
Conclusion
In this contribution, we made the following observations:
Observation 1	When the IAB node is assumed to have 3 panels, the current two options of adding panel orientation do not serve properly to multi-hop topology formation. Option 1 which adds panel orientation after topology formation may change the link strength towards the potential child nodes and therefore make the current topology no longer optimal. Option 2 which uses random orientation degrades the advantage of using directional antenna panels.
Observation 2	In case of multi-hop topology, using only the per-link pass-loss or RSRP to determine the parent node does not consider the end-to-end performance achieved by the IAB chain from the donor all the way to the outermost IAB nod.
Observation 3	Multi-hop IAB deployment improves the connection between the UE and the serving IAB donor comparing to the single-hop relay.

Based on the above discussion we propose the following:
Proposal 1	The panel orientation of IAB nodes should be included in the process of topology formation.
Proposal 2	The decision of parent node for a given IAB node should be based on the end-to-end performance from the donor to the IAB node instead of only based on the link performance between the parent node and the IAB node.
Proposal 3	The decision of associating an IAB node to a parent node should not only consider for maximizing the performance of users served by the new IAB node, but also consider for minimizing the impact on the performance of all affected higher-level nodes that have already been in the network as well as the users served by those IAB nodes.
Proposal 4	Adding weights of each IAB node regarding the served traffic or the number of hops to topology formation should be studied to avoid link congestion.
Proposal 5	The tradeoff between the connection improvement brought by the multi-hop deployment and the associated disadvantages, e.g., increased overhead, aggregated traffic, changed interference environment, etc., should be further investigated.
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