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Introduction
In this contribution, we discuss
· Accuracy of the over-the-air (OTA) synchronization 
· Timing alignment across multi-hop NR-IAB networks.

Please note parts of the presented materials below are a resubmission of our previous contribution [1]. The new materials are highlighted in blue. 

OTA synchronization

TR 38.874 suggests an OTA synchronization technique should be studied and may be adopted in IAB network:
	[bookmark: _Toc525213624]7.4	IAB-node synchronization and timing alignment
The feasibility of over-the-air (OTA) synchronization and the impact of timing misalignment on IAB performance (e.g. the number of supportable hops) should be studied. 



In what follows, we analyze a TA-based OTA synchronization technique and demonstrate its feasibility. We further propose the TR to capture the results of such an analysis for the completion of IAB SI. 

In [1], we discussed a TA-based OTA synchronization technique can be adopted to provide NR-IAB network synchronization. OTA can help increase the synchronization robustness in indoor or urban settings where the GNSS coverage can be spotty or can replace the GNSS altogether. As shown in Figure 1, in a multi-hop NR-IAB network with hierarchical topology, an IAB-node can synchronize to its parent node(s) using the available synchronization mechanism of the Uu interface (i.e. tracking downlink receive timing, and adjusting uplink transmit timing using the provided TA command). This would naturally synchronize the whole network to the IAB-donors. 
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[bookmark: _Ref513623792]Figure 1: multi-hop over-the-air synchronization

One potential issue with this technique could be the fact that the accumulated errors over multiple hops may lead to a network that is not tightly synchronized – please see Figure 2. Here,  represents the OTA synchronization error range relative to the reference source.
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[bookmark: _Ref521660407]Figure 2: accumulated OTA sync error across multiple hops
From Figure 2, we see the resulting cross cell timing error in an -hop IAB network could be as large as 


In [2], we calculated the maximum timing error over a single link () by taking into account various error components (like detection error, transmission timing error accuracy, TA granularity, TA adjustment error) and their maximum allowable values based on NR spec. Table 1 provides the result for different SCS values. We also used the above formula to find the maximum supportable number of hops, assuming the 3-usec cell phase accuracy requirement (38.133).

[bookmark: _Ref513649567]Table 1: maximum time deviation per hop, and maximum number of allowable hops
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Observation 1: TA-based OTA synchronization can support multi-hop IAB network (up to 5 hops) for mmw bands. TA-based OTA synchronization may not be sufficient to support multiple hops in lower bands.
Proposal 1: To tighten the OTA timing error, especially in lower bands, RAN1 should consider the following solutions:
· Using wider band signals (UL and DL) to achieve more accurate timing estimation 
· Enhancing TA, e.g. by reducing its granularity and increasing the number of bits

We note that [3] also performed a somewhat similar analysis and concluded TA-based OTA synchronization can support 5 and 1 hops in FR2 and FR1 respectively. 
Note that the proposed multi-hop OTA synchronization technique ends up synchronizing the IAB-nodes to the IAB-donor(s) who are at the roots of the IAB network topology. To achieve synchronization across the network, the IAB-donors should also be synchronized – e.g. using other techniques like GNSS or PTP (IEEE 1582 precision time protocol).
Also given the accumulated timing error, large scale IAB networks can benefit from using other sync techniques, along with TA-based OTA, to achieve tighter network synchronization. 

Proposal 2: IAB TR should mention TA-based OTA synchronization may support up to [5] hops in MMW bands. 
Proposal 3: IAB network can use other synchronization techniques, such as GNSS and PTP, along with OTA techniques to achieve tight network synchronization. 

Multi-hop timing alignment
Over the multi-hop backhaul network, an IAB-node is served by its parent IAB-node and serves one or multiple UEs or child IAB-nodes. For communication with the parent IAB-node, the IAB-node acts as a UE and follows the DL/UL timing reference acquired through its parent. However, the IAB-node should also choose a timing reference for communicating with its children. 

RAN1 identified a few cases, among which the following were agreed (please refer to the Appendix for the recent RAN1 agreements):
· Case #1: DL transmission timing alignment across IAB nodes and donor nodes
· Case #6 (support of which is FFS): Case 1 for DL transmission timing, and case 2 for UL transmission timing
· Case #7: Case 1 for DL transmission timing, and case 3 for UL reception timing 

We note that case #1 results in slot alignment across the multi-hop IAB network and supports synchronous operation. However, a potential issue of case 1 (that motivated the other cases) is the difficulty of supporting concurrent communications (MU-MIMO) of an IAB-node with its parent and children, due to the timing misalignment. 
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Figure 3: case #1 timing alignment

Observation 2: case #6 has an issue whereby the UL reception timings from multiple children at a parent IAB-node are not aligned. If the misalignment is not contained within the CP, it would cause a receiver performance issue if TDM of UL communication with the children is not done (including the associated complexity of managing multiple UL timing reception references).

Observation 3: case #6 has another issue whereby operation of a given node in case #6 requires the parent node to perform some special handling of the UL communication (as described in Observation 2), hence possibly causing some IAB nodes interoperability issues across different vendors.
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[bookmark: _Ref525807684]Figure 4: Case #7 timing alignment

Case #7 may have three issues: 
(a) the DL transmission timing and UL reception timing at an IAB-node is not aligned, this in turn would require a special handling of the timing adjustment of the child IAB-nodes as further discussed below.
(b) in some scenarios, the UL transmission timing may be a delayed version of DL reception timing, 
 	-  this would need negative initial TA that is not supported by the legacy access UEs, and hence there might be a misalignment between UL reception timings of the child IAB-nodes and child UEs.
(c) any change in the timing of the parent BH link would incur a change in the timing of the children.

[bookmark: _Hlk528911270]Observation 4: because of (b) the UL reception timings from all children at an IAB-node may not be aligned. If the misalignment is not contained within the CP, it would cause a receiver performance issue if TDM of UL communication with the children is not done (including the associated complexity of managing multiple UL timing reception references). It should be noted however that this complexity is contained within the node and does not propagate to other nodes.

Following similar observations, RAN1 #94bis agreed to the following,
· 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

Focusing on case #7 and Figure 4, we see the IAB-node may need two pieces of timing information:
1. T1: an (accurate) estimation of its propagation delay (RTT/2) to the parent IAB-node
a. This information along with the DL reception timing from the parent node is used to determine and align the DL transmission timing of the IAB-node.
2. T2: an uplink timing advance value to align the UL reception timing at the parent node to a desired timing reference
a. This value depends on (i) T1 -- the RTT/2 between the IAB-node and its parent node, and (ii)  -- the delay offset between the DL transmission timing and UL reception timing references at the parent node   T2 = 2 * T1 - 
There are different alternatives to provide these timing indications to the IAB-node – e.g. 
· Alt 1. IAB-node is provided with two TA commands (where rel-15 TA command design can be reused). The two TA commands indicate T1 and T2, or T1 and , or T2 and . 
· Alt 2. IAB-node is provided with a TA command (similar to rel-15 TA command design), and a separate indication of extra timing information -- e.g. 
i. TA command provides T2, and  is indicated separately
ii. TA command provides T1, and  is indicated separately

Alt 1 is a simpler solution, but Alt 2 may be more efficient in terms of signaling overhead – noting  does not depend on RTT of the IAB-node (T1) and is common to all the siblings of the IAB-node. 

Recall the 3rd potential issue of case #7, where any change in the timing of the parent BH link would incur a change in the timing of the children. That is,  may change due to some changes over the BH link of the parent IAB-node. The IAB-node (and all its siblings) should be updated about such changes. The design should take the incurred signaling overhead into account – especially in the case of frequent changes (e.g. in mobile IAB deployment). 

Although in above we used case #7 for our discussions, similar issues may be applicable to case #1, if the DL transmission timing and UL reception timing of an IAB-node are not well aligned. 

Observation 5: in case #7 and case #1, an IAB-node must be provided with an indication of (1) the estimated RTT to its parent IAB-node, and (2) the offset (if any) between the DL transmission timing and UL reception timing references of the parent IAB-node.

Observation 6: the offset value,
· does not depend on the RTT of the link between an IAB-node and its parent IAB-node
· is common to all children of the parent IAB-node
· may change, and an update should be provided to all children of the parent IAB-node. 

Proposal 4: RAN1 should decide how to indicate the required timing information to the IAB-node.
· Alt 1. IAB-node is provided with two TA commands. 
· Alt 2. IAB-node is provided with a TA command, and a separate indication of extra timing information -- e.g. TA command provides RTT, and the timing offset (between DL TX timing and UL RX timing of the parent node) is indicated separately.
Conclusion
In this contribution, we discussed synchronization across multi-hop IAB network, and made the following observation and proposals:

Observation 1: TA-based OTA synchronization can support multi-hop IAB network (up to 5 hops) for mmw bands. TA-based OTA synchronization may not be sufficient to support multiple hops in lower bands.
Proposal 1: To tighten the OTA timing error, especially in lower bands, RAN1 should consider the following solutions:
· Using wider band signals (UL and DL) to achieve more accurate timing estimation 
· Enhancing TA, e.g. by reducing its granularity and increasing the number of bits
Proposal 2: IAB TR should mention TA-based OTA synchronization may support up to [5] hops in MMW bands. 
Proposal 3: IAB network can use other synchronization techniques, such as GNSS and PTP, along with OTA techniques to achieve tight network synchronization. 

Observation 2: case #6 has an issue whereby the UL reception timings from multiple children at a parent IAB-node are not aligned. If the misalignment is not contained within the CP, it would cause a receiver performance issue if TDM of UL communication with the children is not done (including the associated complexity of managing multiple UL timing reception references).
Observation 3: case #6 has another issue whereby operation of a given node in case #6 requires the parent node to perform some special handling of the UL communication (as described in Observation 2), hence possibly causing some IAB nodes interoperability issues across different vendors.
Observation 4: because of (b) the UL reception timings from all children at an IAB-node may not be aligned. If the misalignment is not contained within the CP, it would cause a receiver performance issue if TDM of UL communication with the children is not done (including the associated complexity of managing multiple UL timing reception references). It should be noted however that this complexity is contained within the node and does not propagate to other nodes.
Observation 5: in case #7 and case #1, an IAB-node must be provided with an indication of (1) the estimated RTT to its parent IAB-node, and (2) the offset (if any) between the DL transmission timing and UL reception timing references of the parent IAB-node.
Observation 6: the offset value,
· does not depend on the RTT of the link between the IAB-node and its parent IAB-node
· is common to all children of the parent IAB-node
· may change, and an update should be provided to all children of the parent IAB-node. 
Proposal 4: RAN1 should decide how to indicate the required timing information to the IAB-node.
· Alt 1. IAB-node is provided with two TA commands. 
· Alt 2. IAB-node is provided with a TA command, and a separate indication of extra timing information -- e.g. TA command provides RTT, and the timing offset (between DL TX timing and UL RX timing of the parent node) is indicated separately.
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Appendix
RAN1#94bis Agreement
	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



RAN1#94 Agreement
	Agreements:
· At least Case #1 is supported for both access and backhaul link transmission timing. 
· Further study includes additionally the following two cases (in addition to other cases #2/3/4/5)
· Case #6 (Case#1 DL transmission timing + Case #2 UL transmission timing):
· the DL transmission timing for all IAB nodes is aligned with the parent IAB node or donor DL timing (e.g. TA/2 adjustment as in Case #1)
· the UL transmission timing of an IAB node can be aligned with the IAB node’s DL transmission timing
· Case #7 (Case#1 DL transmission timing + Case #3 UL reception timing):
· the DL transmission timing for all IAB nodes is aligned with the parent IAB node or donor DL timing (e.g. TA/2 adjustment as in Case #1)
· the UL reception timing of an IAB node can be aligned with the IAB node’s DL reception timing 
· FFS: TA required for IAB nodes to support these cases
· For Case #6 and Case #7 further consider the potential impact of imperfect timing adjustment, overhead of required DL/UL switching gaps, and scheduling impact on access UEs and child IAB nodes



RAN1#93 Agreement
	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
· Further study the following levels of alignment between IAB nodes/donor nodes or within an IAB node:
· Slot alignment
· Symbol-level alignment
· No alignment
Further consider the impact of different cases on TDM/FDM/SDM multiplexing of access and backhaul links, cross-link interference, and impact on access UEs
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