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1. [bookmark: OLE_LINK13][bookmark: OLE_LINK14]Introduction
RAN4 has received a LS from RAN1 on questions related to the Over-The-Air (OTA) timing alignment for IAB [1]. An updated version of the previous RAN1 LS is in [2]. According to the LS [1-2], RAN4 has been requested to provide responses to the following 3 questions:

ACTION 1: RAN1 would like RAN4 to provide input on the range and granularity of T_delta in FR1 and FR2.
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.
In this paper we analyse OTA timing alignment for IAB and provide responses to the RAN1 questions in their LS. 
2. Discussion
Introduction IAB and timing budget
We think an aligned top view of the synchronization and complete timing budget including challenges for downstream IAB node Over-The-Air-Synchronization (OTA-S) is essential input to further discussions as well as highlighting relevant existing 3GPP specifications before answering the questions in the LS.  In this introduction we give our view of the matter. Figure 1 below shows an overview of IAB synchronization. 
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[bookmark: _Ref7176684]Figure 1 IAB synchronization overview
Each donor node is connected to a synchronization source. This could be a local GNSS sync source or a Grand Master clock distributed to the donor node through PTP and the wired backhaul. The synchronization source will have a timing error here called TsyncS. 
In NR the cell phase synchronization accuracy for TDD is specified in 38.133 as:
 “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.” 
 with “The cell phase synchronization accuracy measured at BS antenna connectors shall be better than 3 µs”. 
Hence this requirement does not consider how synchronization is implemented for a specific base station (BS).
In practice, generally, the 3us is equally distributed between the BS as ± 1.5us towards a common timing reference like GPS time. Other services could have more strict requirements like OTDOA or intra cell CoMP.
A base station or any radio node (e.g. IAB node) is considered to be in holdover state or mode if it cannot acquire time synchronization from synchronization sources e.g. due to jamming or disruption of synchronization source, such as GNSS. The duration over which the radio node is in holdover state is called as holdover period. During the holdover period the radio node may use its internal clock to maintain the timing. A good frequency stability of the oscillator is essential to maintain BS timing even in case of a temporary lost of a synchronization source during holdover operation (e.g. caused by GNSS jamming). Hence, the BS normally operates well below the required synchronization accuracy as seen in Figure 2. The holdover margin (Thold) is essential for high BS availability, the larger the longer the BS can continue normal operation. The sync source input error (TsyncS) and BS internal errors (TsyncS-gNB) reduces the holdover margin.
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[bookmark: _Ref7346176]Figure 2 Single BS Timing budget
A reduced holdover margin can be compensated for by a more expensive oscillator, but oscillator cost generally increases significantly and can become very high with almost no upper bound. The purpose of IAB is to replace a wired backhaul with a wireless backhaul. This is generally to reduce the cost for a wired backhaul which in certain deployments could impose a large cost for the installation and operation of the BS.
Observation 1: Stricter synchronization requirements at donor node comes at increased cost for products, maintainace and installations.
The Donor node (e.g. donor IAB node) is the only node connected to a wired backhaul. Each IAB node in the chain of nodes acts as child node towards upstream IAB node and parent towards downstream IAB node.
A child node retrieves its synchronization from its parent node (or Donor node) through OTA-S, i.e. by receiving timing signals from the parent node timing signals and synchronizing its transmission timing towards the received timing. Examples of signals that can be used for acquiring timing are any type of reference signals transmitted by the donor or parent node. Examples of reference signals are signals in synchronization signal block (SSB) (e.g. PSS, SSS, PBCH DMRS etc), CSI-RS etc.  For accurate downlink transmission synchronization, the child node also needs to compensate for the RF propagation time between parent and itself.
Hence the OTA-S timing error has mainly two contributors and related error sources.
1) Error in the parent-child link timings
A) IAB child node DL RX tracking (received parent node DL @ IAB node)
B) Translating IAB child DL RX to its DL TX 
2) Error in the timing delay compensation due to errors in the one-way RF propagation delay (Tp) estimation between parent and child node.
The total OTA-S timing error, TOTA-S, is a function of the child node capabilities, but also a strong function of BH RF link characteristics. Time stamp accuracy has dependencies towards SNR and BW, but also the characteristics of used timing reference signals matter.
For both error sources, link timing (#1 above) and RF delay compensation (#2), more resources assigned for reference signals and repeated over time will reduce random statistical errors since averaged out, i.e. OTA-S can be improved at expense of additional signaling overhead. Since the RF channel properties generally can be considered static for stationary IAB nodes and resources spent at commission of the IAB system for reducing errors is important.
Static errors in Tp estimation due to delays in the RF frontend implementation will be compensated for by round trip time (RTT) based Tp compensation methods, but only if errors are symmetric in RX and TX chains i.e. implementation dependent.  
In addition to benefits of averaging effets through repeated measurments, statictics would also serve as an indication of achieved stability for the derived timing. 
Various means to reduce interference from neighbor cells towards timing reference signals e.g. through coordinated muting patterns would also improve OTA-S accuracy. 
Note: The Timing Error Limit Te in 38.133 (Table 7.1.2-1) corresponds to the UE eqvivalent of #1 above. However, it lacks BW and SNR boundary conditions. Due to a certain SSB periodicity, low power- and sleep-times, etc., the timing error cannot be expected to show averaging effects, i.e. reduced random errors.
Observation 2: The OTA-S accuracy as part of a complete budget cannot be expressed as a single figure; it depends on a multitude of factors like BW, SNR, reference signal characteristics, hardware implementation, assigned patterns/repeatability of timing synchronization signals and methods assigned for accurate RF delay compensation. The needed accuracy per hop would also depend on the target number of supported IAB hops (N) and supported RAN services. 
The timing errors accumulates over an increasing number of hops (N), see Figure 1, and at the last node, the total accumulated synchronization error can be expressed by the following equation (±1.5us being the mandatory TDD cell phase sync):
TsyncS + Thold_N + TsyncS-gNB + TOTA-S_1   + TOTA-S_2   + …+TOTA-S_N   + ≤ ± 1.5us 
Where N is the number of OTA-S links (N=4 in Figure 1), Thold_N is holdover margin at last node (N).
One clear effect sometimes forgotten, is that dependent where in the chain an IAB node exists, it will operate at different synchronization accuracies. This results in different holdover margins per node and thereby varying levels of node availability (see Fig. 3).
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Figure 3 IAB node timing budgets
With a larger number of IAB hops (i.e. large N), a larger contribution from OTA-S would mean lower holdover margin and thereby lower availability of nodes further down in the chain. To some extent this could be compensated by more expensive oscillator (unfortunately cost increase is not linear), more redundant and stricter synchronization sources at Donor node input, which also could add cost of deployment significantly – this is somewhat counterproductive since one main purpose with IAB nodes was to reduce deployment cost. 

Observation 3: Rather than focusing on specific figures for OTA-S, the most important is to allow methods that allows for accurate OTA-S.
To our understanding, the estimation of the RF propagation delay (#2 above) involves the existing Timing Advance (TA) mechanism. The existing TA mechanism is however designed for a different purpose, i.e. having UEs uplink transmissions time aligned at the BS receiver. The timing is related to a certain fraction of the cyclic prefix (CP); however, the CP is quite large and e.g. ~4.7us at 15kHz SCS. Thus, existing accuracies would result in a large OTA-S timing error contribution for IAB when considering a complete accumulated budget of better than +/- 1.5us at the last node (with no holdover margin). This would not be good, since as in an earlier argument, OTA-S needs to be a minimum fraction of total budget. 
The resolution of the signaled TA command for NTA is specified in TS 38.213 as 16x64/2µ expressed in Tc time units (with µ=0 for 15kHz, µ=1 for 30kHz and so on). The resolution is one main error source in the RF delay compensation process. As can be seen in Table 1, the resolution of the TA command is inversely related to the SCS. Worth noting, for e.g. TDD the same cell phase sync, i.e. ±1.5us, is required independently of the used SCS.
	SCS (kHz)
	TA Error (Tc)
	TA Error (ns)

	15
	+/- 512
	+/- 260

	30
	+/- 256
	+/- 130

	60
	+/- 128
	+/- 65

	120
	+/- 64
	+/- 32


[bookmark: _Ref7182826]Table 1 TA command error 
Observation 4: The resolution of existing TA command is not designed for accurate OTA-S. The error due to the finite granularity of the TA command is only one contribution to the OTA-S, which in total should only consume a small fraction of a complete IAB timing budget. 
If the channels between IAB nodes are considered stationary it would mean low overall overhead for signaling improved information related to a propagation delay estimate. The cost and complexity for inaccurate RF delay compensation elsewhere in the budget would be much higher.
Observation 5: The resolution of the RF delay compensation signaling shall be a smaller part of a complete timing budget and better than ±10ns accuracy (20ns resolution) could be considered as a reasonable target.
Observation 6: If TA is to be used as basis for accurate RF propagation delay estimation and OTA-S, also other factors mentioned in earlier Observation 2 must be considered, e.g. proper methods allowing to benefit from averaging out random time stamp errors.  
If we focus and investigate the TDD frame structure at the switching points between transmission and reception, we can relate to existing specifications. The guard periods (DL2UL and UL2DL) within a cell needs to be designed to:
· Prevent interference between base stations (including distant base stations) and between UEs around the TRX switching points.
· Same TDD patterns and cell phase synchronization between TDD cells at same frequency

· Secure a RF propagation round trip time (RTT) towards a max cell edge i.e. dependent max cell size and deployment environment

· Allow for UE and BS TX RX turn around switching times

· Secure spectrum efficiency by minimizing guard period overhead for NR TDD systems especially in case of frequent DL-UL switching.

The totally assigned guard across one complete DL/UL cycle consists of the sum of the guard for the DL2UL switch (TDL_UL) and the guard for the UL2DL switch (TAoffset). The TAoffset (NTA offset) in 3GPP is specified as static parameter and achieved by advancing the uplink frames relative to the DL frames. In the DL2UL guard (TDL_UL) there is also a need to accommodate the round-trip time (RTT) due to RF propagation delay of UE at cell edge and to prevent interference arriving late from distant BS, hence this part needs to be flexible to target different cell sizes and different deployment interference characteristics. See e.g. [4] for further details about TDD modelling and description of possible interference scenarios.  
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Figure 4 TDD gaps around switching points
The TAoffset (based on NTA offset) is fixed per frequency range in TS 38.133 Table 7.1.2-2 and defines the guard and time gap between UL and DL defined at the BS.
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[bookmark: _Ref7530074]Figure 5 NTA offset in 38.133
Translating from Tc units to µs gives the following table: 
	Case
	NTA offset x Tc (µs)

	FR1
	13

	FR2
	7

	FR1 in coexistence with LTE
	20


Table 2 NTA offset expressed in us
Note: The NTA offset is the fixed part of the Timing Advance and same for all UEs in the cell while the dynamic part (NTA) is per individual UE and used to time align reception at the BS of all UEs’ uplink transmission. 
The base station transmitter transient period is defined in TS 38.104 section 9.5.3 as:
	Case
	BS TX trans (µs)

	FR1 (ONOFF)
	10µs

	FR2 (ONOFF)
	3µs


Table 3 BS transmitter transient period
The transient period is the time period during which the transmitter is changing from the transmitter OFF period to the transmitter ON period or vice versa. The BS transmitter transient period together with the cell phase sync (3us) also defines the BS switching times and, as can be seen, coincides well with the values of the NTAoffset and is pre-requistite to avoid TDD interference.
The UE total transition time (in multiples of Tc) between RX-TX and TX-RX is specified in TS 38.211, Table 4.3.2-3 as:
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Figure 6 UE TRX switching times in 38.211

Translating from Tc units to µs gives the following table: 
	Case
	NTX-RX x Tc (µs)
	NRX-TX x Tc (µs)

	FR1
	13
	13

	FR2
	7
	7


Table 4 UE TRX switching times in us
Observation 7: The minimum TDD switching gap between UL and DL at the BS is defined by the specified NTA offset. This minimum value is needed to avoid interference between TDD cells and as well as to allow enough switching times for both BS and UEs.
If a larger swiching “gap” at the UL2DL switch for various reasons would be needed (as from above it cannot be smaller) it would be possible to do so by adding a fixed positive bias to the dynamic part of the TA for all UEs i.e. the NTA. This means that the UL is moved earlier and thereby less time in the DL2UL switch and more total guard symbols might be needed for that.
T_delta
From old LS in [2] our understanding is that:
RF propagation delay (Tp) is expressed as:
Tp = (NTAxTc)/2 + T_delta 
With; 
T_delta = - (Tg – NTA offset x Tc) / 2
· Tp = (NTAxTc) / 2 - (Tg - NTA offset x Tc) / 2

In latest LS in [1]:
Tp = TA/2 + T_delta and T_delta = -Tg/2
TA = (NTA + NTA offset) x Tc
· Tp = (NTAxTc) / 2 - (Tg - NTA offset x Tc) / 2

Both definitions of T_delta, i.e. from LS [1] and [2], result in the same expression for Tp. The definition of T_delta in the latest LS, i.e  [1], is used further within this document.
Where Tg equals the difference between UL and DL frame timing at the BS [5].
T_delta can be designed for different purposes, but our view from the LS [1, 2] is that it could have two general main purposes:
1) Used to compensate RF propagation calculations from a deliberately known common fixed non-RF propagation distance dependent bias in NTA.

2) Used to compensate for resolution limitations in existing specified signaling for the NTA command.
a. Note the resolution error could be known if BS have better resolution in its UL timing measurements. Other errors similar to UE defined Te in the total TA error must be considered unknown and believed as part of Tp (impact in timing would depend e.g. if static erors within the hardware chains and whether symmetric errors in TX and RX chains). 

For #1 above and for reasons explained earlier, i.e. TDD interference and gurantee minimum switching times the following is assumed:
Tg≥ NTA offset x Tc   for #1 above T_delta is always ≤ -  (NTA offset x Tc)/2.
Observation 8: If a common fixed positive bias (X) is added to the NTA, the IAB OTA-S RF delay compensation by using NTA/2 will not be accurate (X/2 needs to be subtracted).  The expression T_delta = - Tg/2 can be used for such compensation. Since it is assumed Tg≥ NTA offset x Tc for a common deliberate bias of NTA, T_delta is always ≤ - (NTA offset x Tc)/2.
One possible reason for a common positive NTA bias would be to improve isolation around TDD switching points to prevent being either a victim or aggressor wrt TDD interference, see Figure 7. Temporarily uncertainty in node sync accuracy could be one reason and additional overhead would be the drawback. 
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[bookmark: _Ref7354336]Figure 7. Time domain isolation in TDD systems
Additional total isolation (guard between BS UL2DL and DL2UL switch) would normally be expressed in integer OFDM symbols (including common cyclic prefix) and if additional symbol is used and divided equally between the DL2UL and UL2DL switch, the positive NTA bias = Symbol duration/2 as shown in Table 5 below expressed in units of Tc. 

	[bookmark: _Hlk7348179]SCS (kHz)
	Tsymbol (Tc)
	NTA Bias= Tsymbol/2 (Tc)

	15
	140288
	70144

	30
	70144
	35072

	60
	35072
	17536

	120
	17536
	8768


[bookmark: _Ref7354427]Table 5. Example NTA bias for increased TDD isolation
The range for T_delta could then be expressed in Tc units as: 
- (NTA offset  + Tsymbol /2) / 2 ≤ T_delta  ≤ - (NTA offset )/2 
For the second purpose (#2 above) i.e. to compensate for resolution limitations in signaled NTA command as shown in Table 1 (dividing by a further factor 2 since T_delta is one way propagation), those errors could have either a positive or negative sign (± and half the resolution). The errors expressed in Tc unit add to the range as:
- (NTA offset  + Tsymbol /2+ TAres_error )/2 ≤ T_delta  ≤ - (NTA offset )/2 + TAres_error/2
Where different combinations of NTAoffset from Figure 5 and in section 7.1 of TS 38.133 shall be used.
   
	[bookmark: _Hlk7530156]SCS (kHz)
	T_delta min (Tc)
	T_delta max (Tc)

	15
	- NTA offset /2 -35328
	- NTA offset /2 +256

	30
	- NTA offset /2 -17664
	- NTA offset /2 +128 

	60
	- NTA offset /2 - 8832
	- NTA offset /2 + 64 

	120
	- NTA offset /2 - 4416 
	- NTA offset /2 + 32 


[bookmark: _Ref7349168]Table 6 T_delta range 
Observation 9: There could be different background and purposes for a positive common bias to NTA and thereby its impact of characteristics for T_delta while used to correct when deriving RF propagation delay. If the purpose would be for TDD RF isolation and also allowing T_delta to compensate for NTA signaling resolution errors, Table 6 can be used as one example for T_delta range.   
3.  Proposed Responses to RAN1 LS

ACTION 1: RAN1 would like RAN4 to provide input on the range and granularity of T_delta in FR1 and FR2.

Range:  There could be different background and purposes for a positive common bias to NTA and thereby impact of characteristics for T_delta while used to correct when deriving RF propagation delay. If purpose would be for TDD RF isolation and also allowing T_delta to compensate for NTA resolution errors, the formula below and Table 6 can be used as one example for needed T_delta range.

T_delta range in Tc units:
- (NTA offset  + Tsymbol /2+ TAres_error )/2 ≤ T_delta  ≤ - (NTA offset )/2 + TAres_error/2
Where different combinations of NTAoffset from Figure 5 and section 7.1 in TS 38.133 shall be used.

	SCS (kHz)
	T_delta min (Tc)
	T_delta max (Tc)

	15
	- NTA offset /2 -35328
	- NTA offset /2 +256

	30
	- NTA offset /2 -17664
	- NTA offset /2 +128 

	60
	- NTA offset /2 - 8832
	- NTA offset /2 + 64 

	120
	- NTA offset /2 - 4416 
	- NTA offset /2 + 32 




Granularity: Here we assume T_delta also is used to compensate for the resolution limitation in existing TA command. To avoid cost, complexity and degraded system availability OTA-S errors as part of a complete budget needs to very low. Considering the system benefits and limited overhead for RF delay propagation if IAB channels are reasonable stable over time, a resolution better than 20ns ( 40Tc) i.e. a maximum error of +/- 10ns ( ±20Tc) is proposed.

Proposal 1: Considering the system benefits and limited overhead for RF delay propagation if IAB channels are reasonable stable over time, a resolution better than 20ns ( 40Tc) i.e. a maximum error of +/- 10ns ( ±20Tc is proposed.


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.
In NR the cell phase synchronization accuracy for TDD is in 38.133 specified as:
 “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.” 
 with “The cell phase synchronization accuracy measured at BS antenna connectors shall be better than 3 µs”. 
Note: This requirement is in practice implemented towards a common timing reference as ±1.5us.
Hence this requirement does not consider how synchronization is implemented for a BS. The requirement is needed to prevent interference between TDD cells (even ones not belonging to same donor and IAB chain), if no other methods used to secure and gurantee no interference towards other systems this must be fulfilled.
Synchronization accuracy requirement defined in the current specification should also be applied for multi-hop scenarios for IAB.
Note: Other coordinated services can impose stricter requirements than cell phase sync.
Proposal2: 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.
From experience during correct conditions and pre-requisites, we know that OTA-S between BS can be made accurate, the most important for IAB timings is to allow flexible and scalable option and methods including signaling that allows for accurate OTA-S in a complete timing budget. IAB OTA-S methods should allow averaging out random time stamp errors through multiple measurments and good time stamping by allowing assigning proper resources.

The OTA-S accuracy cannot be expressed as a single figure it depends of a multitude of factors like BW of reference signals used, SNR, general RF conditions, reference signal characteristics, hardware implementation, assigned patterns/repeatability of timing synchronization signals and methods assigned for accurate RF delay compensation. It is also very important to note that the needed accuracy would also depend on number of supported IAB hops and supported RAN services. 
Due to the above reasons it is neither possible nor beneficial to limit the specification to a specific accuracy. 
Proposal3: Due to a multitude of factors raised above it is neither possible and nor beneficial to to specify OTA synchronization accuracy. 
4. Summary and Conclusion
In this paper we have analysed OTA timing alignment for IAB and based on the following observations a response LS to RAN1 is provided in [3]:

Observation 1: Stricter synchronization requirements at donor node comes at increased cost for products, maintainace and installations.
Observation 2: The OTA-S accuracy as part of a complete budget cannot be expressed as a single figure; it depends on a multitude of factors like BW, SNR, reference signal characteristics, hardware implementation, assigned patterns/repeatability of timing synchronization signals and methods assigned for accurate RF delay compensation. The needed accuracy per hop would also depend on the target number of supported IAB hops (N) and supported RAN services. 
Observation 3: Rather than focusing on specific figures for OTA-S, the most important is to allow methods that allows for accurate OTA-S.
Observation 4: The resolution of existing TA command is not designed for accurate OTA-S. The error due to the finite granularity of the TA command is only one contribution to the OTA-S, which in total should only consume a small fraction of a complete IAB timing budget. 
Observation 5: The resolution of the RF delay compensation signaling shall be a smaller part of a complete timing budget and better than ±10ns accuracy (20ns resolution) could be considered as a reasonable target.
Observation 6: If TA is to be used as basis for accurate RF propagation delay estimation and OTA-S, also other factors mentioned in earlier Observation 2 must be considered, e.g. proper methods allowing to benefit from averaging out random time stamp errors.  
Observation 7: The minimum TDD switching gap between UL and DL at the BS is defined by the specified NTA offset. This minimum value is needed to avoid interference between TDD cells and as well as to allow enough switching times for both BS and UEs.
Observation 8: If a common fixed positive bias (X) is added to the NTA, the IAB OTA-S RF delay compensation by using NTA/2 will not be accurate (X/2 needs to be subtracted).  The expression T_delta = - Tg/2 can be used for such compensation. Since it is assumed Tg≥ NTA offset x Tc for a common deliberate bias of NTA, T_delta is always ≤ - (NTA offset x Tc)/2.
Observation 9: There could be different background and purposes for a positive common bias to NTA and thereby its impact of characteristics for T_delta while used to correct when deriving RF propagation delay. If the purpose would be for TDD RF isolation and also allowing T_delta to compensate for NTA signaling resolution errors, Table 6 can be used as one example for T_delta range.   
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