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The LS on OTA time alignment from RAN1 [2] included following actions requested for RAN4:
ACTION 2: RAN1 would like RAN4 to confirm whether the DL synchronization accuracy requirement defined in the current specification should also be applied for multi-hop scenarios for IAB.
ACTION 3: RAN1 would like RAN4 to provide input on the requirement of OTA timing alignment across multiple hops in order to fulfil the DL synchronization accuracy requirements defined in the current specification.
Related to Action 2, this contribution elaborates the principles how the requirements affect the accuracy of the OTA synchronization with particular attention to TX timing error, Te, and how it should be considered in the IAB deployment.
The OTA synchronization was analyzed during the IAB SI to assess the achievable accuracies in a multi-hop scenario. Action 3 is requesting similar evaluation to get RAN4 view on the degree of multi-hop support and how the requirements for the network synchronization could be met. In this paper we are analyzing the synchronization accuracy and whether IAB could have specific requirements.

Discussion
Before analysing synchronization in the IAB deployment, we go through the grounds for the UL TX error Te and what is the access UE behaviour related UL TX timing. With the understanding of differences between the IAB deployment and the UE behaviour we can assess how different parameters should be treated in the analysis and how current specifications for the UE are applicable in the IAB synchronization.
Definition of Te for access UE
UE UL transmission timing is governed by the TA control loop. UE shall set the UL TX timing based on TA commands and valid TAoffset value by advancing the TX timing by (TA + TAoffset) compared to the DL RX timing  [4]. In a mobile scenarios and multi-path channels the DL timing, i.e. the 1st meaningful DL signal component, may fluctuate  due to the fading in the radio channel and the change in the propagation delay. These could cause frequent changes in the UL TX timing. Additionally, there can be offset in the UE local clock causing timing drift.
To eliminate undesirable fast changes in the UL timing, UE is allowed to have some filtering of the DL signal to smoothen time variation. Furthermore, when/if the UL TX timing is based on the local clock reference, there can be time drift due to possible frequency offset. As the consequence the actual UL TX timing may deviate from the ordered (by TA control) UL timing.
Figure 1 illustrates the corresponding behaviour for the relative timing of the IAB node and its parent, showing also the UL TX error, Te.
[image: ]
[bookmark: _Ref12279871]Figure 1 RX/TX timing of the IAB node and the parent node

The parameter Te specifies the maximum allowed error in the UE UL timing. Whenever the error exceeds Te, UE shall autonomously start shifting the timing towards the desired timing, i.e. to be within +/-Te, according to specified rules for max/min pace and step size, see 7.1.2 in [4].
The Te values are of the same order as the resolution of TA command but smaller than the cyclic prefix so that the gNB detection can still cope with the timing deviation.
TAref in Figure 1 is the timing advance set when a TA command has been received. Actual TA can later start to differ from TAref caused by changes in radio propagation and/or frequency offset in the local clock reference, as described above. TAref, however, is held constant by the IAB node until the next timing advance update. About the UE behaviour, TS 38.213 [5] states following:

If the received downlink timing changes and is not compensated or is only partly compensated by the uplink timing adjustment without timing advance command as described in [10, TS 38.133], the UE changes  accordingly. 
This means that the UE is allowed to modify the actual NTA it is using for UL TX timing if/when the TA control is not following the changes in the radio channel. Possible UE autonomous modification for NTA is not known to the serving node.
For the UE, NR specification TS 38.133 [4] states also following:
When the transmission timing error between the UE and the reference timing exceeds Te, the UE is required to adjust its timing to within Te. The reference timing shall be [image: ] before the downlink timing of the reference cell.
This requirement aims to guarantee that the UL TX error is kept within the limits that can be coped at the UL reception. However, the definition of the reference time does not seem to be applicable for IAB synchronization and a clarification needed as discussed in 2.2 below.
[bookmark: _Hlk16667045]Observation 1: It is important distinguish TAref from TA as a timing reference for IAB DL timing.  TAref is set when the timing advance command is sent and is held constant until the next timing advance update.  T_delta is only accurate with respect to TAref and would be inaccurate with respect to TA as offset by Te.
UL TX error of IAB node
In a static deployment of IAB nodes, the variations in the radio propagation can be negligible, or at least slow. In such radio conditions, IAB node and IAB-parent may use long averaging of the RX timing. Also, whenever there is LOS channel on the BH link (which may be a typical case for IAB), the detection and derivation of the timing of the RX signal will be most reliable. Thus, the DL (at the IAB node) and UL (at the parent node) detection errors are mainly affected by the sampling time (Ts).
The earlier analysis for IAB synchronization used typically the specified maximum Te value as an additional error in the IAB TX timing, also for the DU TX (DL) timing. As described in 2.1 Te is something that is allowed for a (UE) UL TX timing offset. In the case of IAB deployment any static deviation (from the TA controlled value) in UL TX timing will be visible in the UL RX timing at the parent node which will be used as the reference point for T_delta derivation. Furthermore, long lasting offset in the UL timing may eventually trigger new TA command and/or new T_delta value as that will affect the actual switching gap Tg at the parent node and consequently the derivation of T_delta. Hence, considering the root cause for the TX timing error and how it is affecting IAB synchronization, we can assume that Te will be taken into account in TA control and T_delta derivation and the impact in a static IAB scenario will become less than concluded during the SI.
Observation 2: In static IAB deployment, the maximum TX error Te specified for a UE, cannot be used as such for IAB synchronization error.
Observation 3: UL TX error will affect TA control and/or the derivation/signalling of the new T_delta value and therefore contributing to IAB timing error via these functions.
The IAB node itself is aware of UL TX timing deviation but it is not known to the parent node. The IAB node should anyway rely on the parent node TA control and T_delta signalling to be basis for the synchronization and assume that excessive deviation in the UL timing will trigger TA command and/or T_delta signalling. 
Observation 4: Any deviation in the UL TX timing (up to Te) is known by the IAB node itself but unknown to the parent node. 
The question is therefore; how to define the IAB node behaviour when there is a deviation in the UL TX timing. A straightforward option would be to modify the section 7.1.2. of 38.133 to make a distinction between NTA_Ref  and NTA as proposed in [6]. This would be aligned with the corresponding section in 36.133 for LTE. The LTE specification introduces a variable NTA_Ref that is related to the reference UL timing while NTA corresponds to actual TA in use. An LTE UE keeps the difference between the reference timing and the actual timing within +/-Te. When TA command is received, NTA_Ref  is made equal to the new NTA. Between the timing advance commands, NTA_Ref  is constant. If UE is not fully correcting timing drifts (due to e.g. offset in the local reference clock), it must autonomously update its NTA so that the value corresponds to the actual used TA. As such timing drifts should not change the estimate of the propagation delay, the correct way is that an IAB node calculates DL TX timing using NTA_Ref  and not NTA. 
Observation 5: Any timing drift of the UL TX timing due to offset in the local reference clock should not affect the estimate of the propagation delay and consequently the DU timing.
Furthermore, if it will be specified that T_delta and TA command can be signalled separately, T_delta signalling should mean implicit zero TA command leading to resetting NTA_Ref  equal to NTA. With such NTA_Ref  resetting T_delta change is taken appropriately into account in propagation delay estimation according to the equation TP =  (NTA_Ref  *Tc/2 +T_delta).
Observation 6: Possible drift/offset in the UL TX timing can be taken into account by defining NTA_Ref to be used as the reference for the IAB-DU timing.

Error sources for IAB synchronization
Following factors shall be taken into account when assessing inaccuracy of the IAB node synchronization:
1. TA command resolution, TAres
2. TA adjustment accuracy, TAadj
3. DL RX detection error, TDL_det
4. UL TX error, TUL_TX (IAB-MT)
5. [bookmark: _Hlk15970576]UL RX detection error, TUL_det
6. T_delta granularity, Tgran-T_delta
7. DL TX error, TDL_TX (IAB-DU)
Transmission time (T0) of the parent node is the reference to which the IAB node synchronizes. The IAB-DU (DL) TX timing is affected by the UL detection error (5) and consequently the derivation of the T_delta value. Further, the signalled value of T_delta has a given granularity (6, TBD). Once the timing offset has been determined over the parent link (IAB-MT), there can be an error to adjust the TX timing of the IAB-DU which should be then have minimum deviation from T0 of the parent node. We may assume that TDL_TX (7) has the same inaccuracy as the TAadj (2) being corresponding resolution at the UL direction.
It has been agreed that the granularity of the T_delta, shall be finer than that of TA command. Finite resolution of TA is seen at the parent node as the deviation from the targeted switching gap (Tg). This deviation is in fact what will be indicated with T_delta and therefore the error due to TA resolution is compensated by T_delta.
Observation 7: T_delta value signalled to the IAB node is compensating the error due to the TA command resolution.
The remaining error depends on the DL (IAB node) and UL (parent node) detection errors (3,5), TA adjustment accuracy (2) and the specified granularity of T_delta (6).
Detection error:
The detection error at the receiver depends on the channel delay spread and the sampling interval. In a static IAB deployment the detection error may be small and could be expressed as k*Ts, where k is some integer value and Ts is the sampling interval. In a static IAB deployment and (near) LOS propagation we may assume maximum value for k =2. The resolution of the sampling is basically inversely proportional to the use bandwidth (BW). Taking the worst case assumptions for DL and UL sampling, smallest presumed BWs can be taken as the basis. 
· DL detection: As the IAB node is in the connected state, the DL timing do not have to be based on SSB reception. For tracking, TS 38.214 states following:
[bookmark: _Hlk513060382]A UE in RRC connected mode is expected to receive the higher layer UE specific configuration of a NZP-CSI-RS-ResourceSet configured with higher layer parameter trs-Info.
This means that TRS shall be always present for the IAB node to track DL signal timing. Furthermore, the BW for TRS has following definition:
· the bandwidth of the CSI-RS resource, as given by the higher layer parameter freqBand configured by CSI-RS-ResourceMapping, is the minimum of 52 and  resource blocks, or is equal to  resource blocks
The time resolution for DL tracking will therefore become: 1/(52*12*2u*15kHz)
· UL detection: Time resolution for UL can be based on SRS signal TX which is configurable, see 6414/TS 38.211. As this is up to network implementation, a definite BW for SRS cannot be defined. However, we may assume that static IAB deployment and assumption of good radio conditions allow SRS over full used BW. UL sampling depends on the SCS/symbol length and FFT size. For calculation of the UL detection error, we may assume 2k FFT and no oversampling.
DL detection error effectively results in an error of the propagation delay estimate. Hence, it will be seen in the parent link UL timing. Additionally, because the MT RX timing is the reference for the DU TX timing, the DL detection error should be taken into account when setting the DU TX timing. The error is however the same and to the same direction (either positive or negative) in both cases but its contribution to the synchronization should not be taken twice: 
In the TA control a delayed detection increases the estimate of the propagation delay TPBH resulting in larger value for TA. This in turn increases the time offset from the DL RX timing to be used for DU TX timing. Because the TA is divided by 2 for DU TX timing, used offset will become half of the DL detection error too large. On the other hand, a delayed detection delays the DU TX with its full value, the resulted effect to the DU TX timing will become half of the DL detection error. For these reasons the TDL_det has been taken as a negative value in (1) and positive value in (2) in the calculations below.
Considering the discussion above, the analysis done during the IAB SI phase, which were not considering derivation and availability of T_delta at the IAB node, seem to have resulted in pessimistic assumption for the IAB . synchronization – as concluded in 2.4 below. 

Synchronization error in multi-hop IAB scenario
With the assumptions described for the synchronization error (= deviation from T0) at an IAB node, total timing error  can be derived as follows:
(1) Error due to TA loop on the parent link: (TUL_det + TAadj - TDL_det )
(2) Error in setting the DU DL TX: Tgran-T_delta/2 + TDL_TX + TDL_det 
(3) Total synchronization error:
T0_error = (TUL_det + TAadj - TDL_det )/2 + Tgran-T_delta/2 + TDL_TX + TDL_det 
    = (TAadj + TUL_det + Tgran-T_delta + TDL_det)/2 + TDL_TX 

Table 1 below shows the resulted error per IAB node for different numerologies and how many hops could be tolerated still meeting the specified synchronization requirement [+/-1.5us]. Used value for T_delta granularity is ¼ of the TA granularity as discussed in [7]. Further details of the calculations can be found in  App.I.
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[bookmark: _Ref16521686]Table 1 Synchronization error for FR1 and FR2
The results are indicating that OTA synchronization for IAB can enable multi-hop deployment in all scenarios for both FR1 and FR2. The earlier conclusion of limitation in FR1 does not seem to hold. Tolerated number of hops in FR1 (can be 4) should be enough for practical cases as the coverage is not such a problem on lower frequency bands.
Observation 8: The IAB OTA synchronization seem to result in satisfactory performance and would support sufficient multi-hop deployment in the anticipated deployment scenarios.

Proposed responses to RAN1
For RAN4 responses to reply LS we would propose following:
ACTION 2: RAN1 would like RAN4 to confirm whether the DL synchronization accuracy requirement defined in the current specification should also be applied for multi-hop scenarios for IAB.
Proposed RAN4 response: Current requirement for network synchronization (3us) will be applicable also in the IAB deployment. The requirement is allowing also multi-hop IAB deployment without any practical limitations.

ACTION 3: RAN1 would like RAN4 to provide input on the requirement of OTA timing alignment across multiple hops in order to fulfil the DL synchronization accuracy requirements defined in the current specification.
Proposed RAN4 response: RAN4 does not see any need to re-consider requirements for the timing related parameters like Te, TA granularity or TA adjustment error, nor for the requirement of the cell phase synchronization accuracy. The synchronization procedure including T_delta derivation and signaling to the IAB node enable adequate IAB synchronization in practical deployment scenarios meeting the requirements of current specifications. 
Based on the discussion in the previous sections and responses to the for the two actions here, we have drafted a proposal for the reply-LS to RAN1 [8]for RAN4 to review.

Conclusion
In this paper we have analysed the parameters contributing to the IAB synchronization error considering parent and IAB node behaviour related to TA control and T_delta signalling to the IAB node. Also, we have calculated the synchronization error based on the analysis results and how many hops would be tolerated still meeting the network synchronization requirements. We made following observations:
Observation 1: It is important distinguish TAref from TA as a timing reference for IAB DL timing.  TAref is set when the timing advance command is sent and is held constant until the next timing advance update.  T_delta is only accurate with respect to TAref and would be inaccurate with respect to TA as offset by Te.
Observation 2: In static IAB deployment, the maximum TX error Te specified for a UE, cannot be used as such for IAB synchronization error.
Observation 3: UL TX error will affect TA control and/or the derivation/signalling of the new T_delta value and therefore contributing to IAB timing error via these functions.
Observation 4: Any deviation in the UL TX timing (up to Te) is known by the IAB node itself but unknown to the parent node. 
Observation 5: Any timing drift of the UL TX timing due to offset in the local reference clock should not affect the estimate of the propagation delay and consequently the DU timing.
Observation 6: Possible drift/offset in the UL TX timing can be taken into account by defining NTA_Ref to be used as the reference for the IAB-DU timing.
Observation 7: T_delta value signalled to the IAB node is compensating the error due to the TA command resolution.
Observation 8: The IAB OTA synchronization seem to result in satisfactory performance and would support sufficient multi-hop deployment in the anticipated deployment scenarios.
Based on the analysis, observations and results presented in this paper we are proposing following:
Proposal 1: RAN4 is asked to confirm the principles shown in the paper how the synchronization error is calculated considering the current agreements on TA control and T_delta signaling.
To clarify the definition of TAref in the NR specifications we have made a CR proposal, [6]. The proposed modification would also clarify the IAB node behavior related to OTA synchronization while the UL TX timing is allowed to drift within the limits of +/-Te.
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Appendix I
Assumptions for the timing error calculations:
Downlink detection and sampling based on TRS:
[image: ]
TA adjustment accuracy:
· FR1: 256 assuming 15k (or 30k) UL SCS
· FR2: 128 assuming 60k UL SCS
FFT sampling:
[image: ]
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