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In RAN1 #93, the following agreements on IAB node synchronization and timing alignment were achieved [1].
	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


In RAN1 #94, the following agreements on IAB node timing alignment are further achieved [2].
	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
· Study to include aspects (including feasibility) when the IAB node is connected to one or multiple parent nodes


Generally speaking, two aspects should be addressed for timing issue in IAB:
1) OTA synchronization: How to achieve DL Tx timing synchronization among IAB nodes: DL Tx timing synchronization across network is the basic requirement for TDD in order to avoid severe cross-link interference caused by asynchronous transmission. OTA based synchronization provides a low-cost solution, while the timing accuracy is questionable especially considering the synchronization error accumulation in multi-hop topology.
2) Timing alignment: How to achieve transmission or reception timing alignment between access and backhaul links within an IAB node: For a given IAB node, timing alignment between access and backhaul link is necessary in order to facilitate the SDM/FDM. However, it is not straightforward to achieve the timing alignment based on DL Tx timing synchronization assumption. 
[bookmark: _Ref129681832]OTA synchronization
It was agreed that TA based synchronization is supported to achieve DL Tx timing alignment between parent node and child node. It should be noted that ideally TA/2 timing adjustment of child node could achieve DL Tx timing synchronization, without considering any timing error. However, in practice, different kinds of timing error exist and should be taken into account. In this section, a detailed analysis about the possible error in a practical system is presented.
Practical timing error analysis
Assume that the system DL Tx timing starting point is . For serving node, its practical DL transmission timing point is

where  denotes the serving node’s DL transmission timing error. 
The child node’s DL reception timing (i.e., child node acquires DL synchronization) is

where  represents the propagation delay from serving node to child node, and  is the child node’s DL reception delay, including RF transmission and baseband synchronization delay.  
After that, the initial preamble transmission timing of IAB node is:

where  is the TA adjustment in TDD systems, indicated by the serving node, and  is the child node’s UL transmission timing error.
The reception timing of preamble at serving node is:

Therefore, the round trip delay time estimated by the serving node is:

The configured TA value is:

where  is the quantization error due to the limited bit width in the TA command, and the maximum value of  is half of the step size of TA command. In NR Rel-15, the step size of TA command is , where  KHz is the subcarrier space, and  second [2].
From the above analysis, the practical downlink Tx timing of child IAB node could be calculated as follows:

Therefore, the DL Tx timing error at child IAB node between the ideal and the practical case is:

The timing relation of serving node and child node is shown in Figure 1.
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Figure 1:  OTA timing relation of parent node and child node with practical timing error
Table 1 gives the quantitative value of the above DL Tx timing error. Actually, only UE UL transmission timing error is defined in 38.133 specification [3]. For frequency range 1, with 15 KHz SCS of SSB, the errors are 12*64*Tc and 10*64*Tc for 15 KHz and 30 KHz uplink SCS, respectively. For frequency range 2, with 120 KHz SCS of SSB, the errors are 3.5*64*Tc for both 60 KHz and 120 KHz uplink SCS.
Here we assume both child node’s UL transmission timing error  and parent node’s DL transmission timing error are no more than that value defined for UE, although in practice better timing accuracy could be achieved for IAB node.
For reception delay  and , they consist of propagation delay of receiver RF chain and baseband synchronization delay. Here we assume that the propagation delay at receiver RF chain is the same as transmission timing error, and the baseband synchronization delay is 64*Tc. When the SCS is 15 KHz, 64*Tc of synchronization delay can be achieved by the TRS with a bandwidth of 85 RBs, which corresponds to a time resolution of 2*64*Tc. When the SCS or number of RBs of the TRS is larger, the synchronization delay can be smaller. For simplicity, we takes 64*Tc as an upper-bound of baseband synchronization delay.
It should be noticed that the above assumptions are a bit conservative hence can be viewed as a worst case analysis. Table 1 gives the aggregated timing error  for FR1 and FR2 based on the above assumption.
Table 1. The DL Tx timing error per hop
	
	
	
	
	
	
	

	FR 2
(SCS 120 KHz)
	3.5*64*Tc
	4.5*64*Tc
	3.5*64*Tc
	4.5*64*Tc
	64*Tc
	8.5*64*Tc

	FR 2
(SCS 60 KHz)
	3.5*64*Tc
	4.5*64*Tc
	3.5*64*Tc
	4.5*64*Tc
	2*64*Tc
	9*64*Tc

	FR 1
(SCS 30 KHz)
	10*64*Tc
	11*64*Tc
	10*64*Tc
	11*64*Tc
	4*64*Tc
	23*64*Tc

	FR 1
(SCS 15 KHz)
	12*64*Tc
	13*64*Tc
	12*64*Tc
	13*64*Tc
	8*64*Tc
	29*64*Tc



For FR2, the maximum synchronization errors per hop are about 9*64*Tc and 8.5*64*Tc, i.e., 277 ns and 293 ns, for 60 KHz and 120 KHz SCS. For FR1, the maximum synchronization errors per hop are about 29*64*Tc and 23*64*Tc, i.e., 944 ns and 749 ns, for 15 KHz and 30 KHz SCS.

In 38.133, the requirement of cell phase synchronization is given by:
-Cell phase synchronization accuracy for TDD is defined as the maximum absolute deviation in frame start timing between any pair of cells on the same frequency that have overlapping coverage areas.
-The cell phase synchronization accuracy measured at BS antenna connectors shall be better than 3 µs.
In order to satisfy the requirement of cell phase synchronization accuracy for TDD, the deviation between the allowable DL Tx timing error for each IAB node shall be less than 1.5µs.
Therefore, the maximum number of hops that can be supported by the TA-based synchronization is  . 
· In FR2, the maximum hop number is 5 hops
· In FR1, the maximum hop number is 1 hop with 15kHz SCS
Therefore, it seems that the accuracy of TA/2 timing adjustment is acceptable for FR2, even consider multi-hop topology. However, whether it still works in FR1 needs further study, especially when the uplink SCS is 15 KHz.
Observation 1: The accuracy of TA/2 timing adjustment seems acceptable in FR2, even consider multi-hop topology, where the maximum allowable hop number is 5.
Observation 2: It is questionable whether multi-hop topology can be supported in FR1 for 15 kHz SCS, with the assumption applied.
Proposal 1: For FR1, TA/2 timing adjustment for OTA based DL Tx timing synchronization is not sufficient and should be enhanced in order to support multi-hop topology.
Procedure of OTA timing adjustment
Normally, a serving node sends initial TA value to child node in random access response, i.e., msg2, while this initial TA value is just a rough estimation due to the limited bandwidth of SSB and preamble, it could be further improved by later configured wideband TRS or SRS. The updated TA value will be sent to child node via TA update signaling. As [4] shows, the downlink timing error is about 130 ns by SSB detection, and it is about 20 ns by TRS detection, i.e., the accuracy of synchronization could be enhanced by TRS significantly. The bandwidth of preamble is narrower, thus the accuracy of uplink timing estimation is even poorer, and the serving node should further refine the uplink timing via wideband RS after acquiring initial TA estimation.
In Release 15, the TA updating process is illustrated in Figure 2.
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Figure 2:  TA update procedure between serving node and child node
From the child node’s perspective, it is expected to trigger its initial DL Tx timing configuration after a relatively accuracy TA value is received, then it can start its DU function. Otherwise, the child node cannot achieve accurate DL Tx timing synchronization, and the timing error will propagate to its child nodes and degrade the system performance. However, the child node does not know whether TA updating procedure is accomplished. Therefore, it seems necessary for the serving node to timely indicate the child node to trigger its initial DL Tx timing configuration. Therefore, we have the following proposal.
Proposal 2: It should be studied how the DL Tx timing of a child node can be configured in an accurate and timely manner in order to avoid timing error propagation and system performance degradation.
For child IAB node, the timing offset between its DL Rx timing from the serving node and the DL Tx timing to its child nodes is TA/2 after the initial DL Tx timing configuration. However, the practical timing offset will vary and may not be equal to TA/2 due to the following reasons:
· Child node local crystal oscillator drift
· Serving node changing due to route switching
For the first case, the configured TA value does not change while the child node finds that the timing offset between Rx and Tx a is not equal to TA/2 anymore. In this case, it has to re-adjust its DL Tx timing to align it to TA/2, according to the initial DL Tx configuration from its serving node. 
Figure 3 shows the second case. For the child IAB node, after route switching, the TA is changed from TA1/2 to TA2/2, and the DL Rx timing is changed from T21 to T22. Then, the child IAB node has two options to maintain the DL Tx timing:
· Option 1: Child IAB node maintains the DL Tx timing from the previous serving node
· Option 2: Child IAB node reconfigures the DL Tx timing from the new serving node
Due to the serving nodes are not ideal synchronized, the two options can lead to different DL Tx timing. If the timing error between new serving node and previous serving node is rather small, both option 1 and option 2 could be adopted since there is no much difference for the DL Tx timing of the child node between these two options. However, if the timing error is large (these two serving nodes are not in the same route chain, and their timing reference comes from different donor nodes), option 1 has the advantage of avoiding impacts on access link. On the other hand, in some cases, the new serving node has more accurate timing, e.g., the hop order of the new serving node is smaller, and thus option 2 achieves better performance. Therefore, both of the two options can be supported, and which of them should be selected depends on the situation. The detailed procedures for the two options should be further studied.
[image: ]
Figure 3:  DL Tx timing from different serving nodes
In other words, it should be studied how to maintain IAB node local DL Tx timing after it finishes initial DL Tx timing configuration.
Proposal 3: It should be studied how to maintain IAB node local DL Tx timing in case of LO drift and route switching after it finishes initial DL Tx timing configuration.
Timing alignment
In RAN1 #94, it was agreed to further study SDM/FDM operation in IAB. To support SDM/FDM, 7 cases on timing alignment have been proposed and discussed.  
Case #1 is the basic assumption for TDD in order not to cause severe cross-link interference. Cases #2/#3, as well as recently introduced Case #6/#7 are used when child link (to child IAB node or access UE) and parent backhaul link (to parent IAB node) are multiplexed in FDM/SDM manner within an IAB node. To be specific, Case #2 and Case #6 aims at transmission alignment while Case #3 and Case #7 focus on receiving alignment correspondingly. For Case #4 and Case #5, as they are combinations of Case #2 and Case #3, so the analysis will focus on Case #2/#3/#6/#7. To enable SDM basing on those potential cases, symbol-level timing alignment is necessary to facilitate interference mitigation between parent and child link.
The difference between Case #2 and Case #6 is how to choose reference timing. In Case #2, the reference timing is the MT and DU DL Tx timing is aligned with MT. While the reference timing for Case #6 is DU and MT UL Tx timing is aligned with DU.
For Case #2, the IAB node’s (DU) DL Tx timing is adjusted to align with its (MT) UL Tx timing as shown in Figure 4. It should be noted that the UL Rx timing of parent node is advanced to DL Tx timing by TA_offset, and thus the DL Tx timing of IAB node is before DL Tx timing of parent node by TA_offset plus the propagation delay. In FR2, TA_offset is about 7 us, thus the offset between DL timing of the IAB node and parent node cannot satisfy the requirement of inter-cell synchronization in TDD systems, where the requirement is less than 3 us. Furthermore, the offset becomes larger with the increasing of hop number.

Figure 4: DL and UL transmission timing alignment within an IAB node in Case #2 
The misalignment of DL timing leads to CLI, which deteriorates performance of neighbor cells. To solve this problem, the first few symbols of the DL slot should be punctured and used as GP. As a consequence, some resources will be wasted. In FR2, the TA_offset is about 7 us, and the symbol duration with 120 KHz SCS is about 8.92 us, therefore, because of the offset between Cases #1 and Case #2, when the propagation delay is smaller than 1.9 us (<570 m), one symbol will be punctured, when the propagation delay is larger than 1.9 us (>570 m), two or more symbols will be punctured.
Observation 3: For Case #2, the DL transmission timing of IAB node is not aligned with its parent node, which either leads to CLI or resource waste if some guard period is introduced.
Another disadvantage of Case #2 is that the DL transmission timing of IAB node is aligned with the UL transmission timing. However, the UL timing may be adjusted by parent node using TA command. And the UL timing may change after the route switching or link reconfiguration. Therefore, the DL timing of the IAB node under Case #2 may need to be changed which impacts the DL reception of the UE/child node. With Case #2, the NR Rel-15 access UE cannot be scheduled by DU in this particular FDM/SDM slot since access UE cannot use a different DL Tx timing.  
Observation 4: For Case #2, the UL transmission timing may be changed and the corresponding DL transmission timing becomes unstable, which has a negative impact on UE/child node.
For Case #6, as shown in Figure 5, the DL transmission timing of an IAB node is aligned with the DL transmission timing of its parent node, and the UL transmission timing of the IAB node can be aligned with the DL transmission timing of IAB node’s DU. Therefore the DL transmission timing of IAB node is stable and aligned with its parent node.
For the child IAB node, the UL transmission timing is aligned with the DL transmission of its DU, thus it is easy to implement. And the switching from normal DL transmission of DU to the UL transmission under Case #6 can be seamless, which does not result in punctured symbols or resource wasting.
Observation 5: For Case #6, synchronized DL transmission timing between the parent node and child node can be guaranteed hence additional resource waste can be avoided compared to Case #2.
Proposal 4: Case #6 should be supported to achieve transmission timing alignment between MT and DU.
 
Figure 5: DL transmission timing is aligned with donor and UL is aligned with DL in Case #6
In the following, we compare Case #3 and Case #7, which can be used for Rx timing alignment.
For Case #3, the DL and UL reception timing is aligned within an IAB node as shown in Figure 6. In a TDD system, the DL transmission timing is lagging behind the UL reception timing by TA_offset. As the DL parent BH reception is aligned with DU UL reception, the DL transmission timing of IAB node will be lagged behind the DL parent BH reception by TA_offset, as Figure 6 illustrated.  So the DL transmission timing of IAB node is behind DL transmission timing of its parent node with a lag of TA_offset plus the propagation delay (T_p). The misalignment relates to the hop number and propagation delay.

Figure 6: DL and UL reception timing alignment within an IAB node in case 3 
To solve this problem, Case #1 DL transmission timing should be considered wherein the UL transmission timing using Case #3 plus DL transmission timing as Case #1. Then it becomes Case #7.

Figure 7: UL and DL reception timing is aligned at IAB node in case 7 (option 1)
For Case #7, the UL reception timing of an IAB node can be aligned with the IAB node’s DL reception timing as shown in Figure 7. IAB node can send timing adjustment command to its child node to achieve timing alignment. However, the UL receiving timing of IAB node lags behind the DL transmission timing, which violates the current specification. To solve the problem, the following two options can be considered:
· Option 1: IAB node configures a negative TA to the UE/child node, which is shown in Figure 7.
· Option 2: The uplink receiving timing can be offset with the downlink receiving timing by an integer number of symbols, which is shown in Figure 8.
Observation 6: For Case #7, synchronized DL transmission timing between the parent node and child node can be guaranteed while the timing alignment between the UL reception and DL reception at the IAB node can be achieved by uplink TA command.

Figure 8: UL and DL reception timing is aligned at IAB node in case 7 (option 2)
Based on the above discussion, we have the following proposal:
Proposal 5: Case #7 should be supported to achieve reception timing alignment between MT and DU.

Figure 9: Two typical interference scenarios in IAB SDM operation 
The purpose of symbol alignment is mainly for inter-link interference suppression. There are two typical interference scenarios in IAB SDM operation are shown in Figure 9. For the first case, the uplink reception of the IAB node’s MT may interfere the DL reception of its DU. And for the second case, the downlink transmission of IAB node’s MT may interfere the uplink transmission of its DU. To mitigate these interference, in addition to symbol alignment, other mechanisms should be studied including orthogonal DMRS configuration between access and backhaul links, etc.
Proposal 6: In addition to symbol alignment, other mechanisms to enable SDM based interference mitigation should also be studied, at least including:
-	Orthogonal DMRS configuration between access and backhaul links
-	Interference mitigation receiver
Conclusions
In this contribution, we discuss the further consideration on timing alignment for IAB.  Based on the discussion, the following observations and proposals are made,
Observation 1: The accuracy of TA/2 timing adjustment seems acceptable in FR2, even consider multi-hop topology, where the maximum allowable hop number is 5.
Observation 2: It is questionable whether multi-hop topology can be supported in FR1 for 15 kHz SCS, with the assumption applied.
Observation 3: For Case #2, the DL transmission timing of IAB node is not aligned with its parent node, which either leads to CLI or resource waste if some guard period is introduced.
Observation 4: For Case #2, the UL transmission timing may be changed and the corresponding DL transmission timing becomes unstable, which has a negative impact on UE/child node.
Observation 5: For Case #6, synchronized DL transmission timing between the parent node and child node can be guaranteed hence additional resource waste can be avoided compared to Case #2.
[bookmark: _GoBack]Observation 6: For Case #7, synchronized DL transmission timing between the parent node and child node can be guaranteed while the timing alignment between the UL reception and DL reception at the IAB node can be achieved by uplink TA command.
Proposal 1: For FR1, TA/2 timing adjustment for OTA based DL Tx timing synchronization is not sufficient and should be enhanced in order to support multi-hop topology.
Proposal 2: It should be studied how the DL Tx timing of a child node can be configured in an accurate and timely manner in order to avoid timing error propagation and system performance degradation.
Proposal 3: It should be studied how to maintain IAB node local DL Tx timing in case of LO drift and route switching after it finishes initial DL Tx timing configuration.
Proposal 4: Case #6 should be supported to achieve transmission timing alignment between MT and DU.
Proposal 5: Case #7 should be supported to achieve reception timing alignment between MT and DU.
Proposal 6: In addition to symbol alignment, other mechanisms to enable SDM based interference mitigation should also be studied, at least including:
-	Orthogonal DMRS configuration between access and backhaul links
-	Interference mitigation receiver
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