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Introduction
As part of the Study Item on Integrated Access and Backhaul for NR [1], 3GPP has agreed to identify and evaluate potential solutions for efficient operation of integrated access and wireless backhaul for NR. 
This contribution discusses different physical layer enhancements for IAB including aspects impacting initial access/RRM, frame structure design and scheduling for multiplexing access and backhaul links, timing and synchronization, cross-link interference mitigation, power control, and backhaul link spectral efficiency.
Physical Layer Enhancements for IAB
An example of a network with integrated access and backhaul links is shown in Figure 1 below. The operation of the different links may be on the same or different frequencies (also termed ‘in-band’ and ‘out-band’ relays). Each IAB node has both DU functionality (DU-f) as well as UE functionality (UE-f). The relay is connected to an IAB node of a higher hop order as a UE, while the IAB node serves relay UEs inside IAB nodes of lower hop orders or its own access UEs.
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Figure 1: Integrated access and backhaul links 
In addition, for in-band operation IAB nodes are assumed to operate with a half-duplex constraint as shown in Figure 2, which means they can only do the following at any given time:
1. Receive on the access link (UE to IAB node) and/or backhaul link (IAB node to IAB node) 
2. Transmit on the access link and/or backhaul link 
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Figure 2: Half-duplex constraint at the relay
The remaining sections of this document focus on solutions for IAB to enable efficient multiplexing of backhaul and access links operating on the same frequency to accommodate half-duplex constraints and avoid/mitigate interference.
IAB Node Discovery and Topology/Route Management
The following was agreed in RAN1#92bis:
· The SSB/CSI-RS based RRM measurement defined in NR R15 are considered as a starting point for IAB node discovery and measurement. 
· How to avoid conflicting SSB configurations among IAB nodes, as well as the feasibility of CSI-RS based IAB node discovery, should be studied.
· RAN1 should further study inter-relay discovery procedure subject to half-duplex constraint and multi-hop topologies.

As a result, while the same physical signals may be used for both UE and IAB node discovery (including using the same cell ID), differentiation and independent configuration of the resources and/or transmission period(s) of the signals used for initial access for UEs and IAB nodes may be required. Furthermore, unlike LTE-based relays, multi-hop backhauling and multi-site connectivity should be supported. 
In this case, not only is differentiation between resources used for transmission of access and backhaul link initial access signals needed, but also between different hop orders of IAB nodes due to the half-duplex constraint. Figures 3 provides an example of such multiplexing of initial access signal transmissions between access and two backhaul link hop orders. The access synchronization signal transmissions can overlap in time across hop orders since they are intended for UEs and therefore not subject to the half-duplex constrain requirement. However, orthogonal time periods are required for the transmission of the synchronization signal transmissions intended for backhaul link discovery and maintenance with a possibly different periodicity of transmission and separately configured from the parameters/resources used by access UEs.
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Figure 3: TDM multiplexing of initial access signals between access and backhaul links (same periodicity)
Frequent transmission of SSBs can result in excessive overhead and result in undesirable scheduling restrictions on the IAB node DU-f since data transmissions cannot be scheduled when the IAB node UE function is performing measurements. Instead of relying on SSB-based RRM, the network may utilize CSI-RS for topology and route management measurements since the CSI-RS can have lower time/frequency resource overhead and can be UE-specifically configured with finer granularity than SSB-based measurements. 

Proposal 1: IAB should support the configuration and coordination of orthogonal time/frequency resources and periodicities for SSB transmissions (i.e. SMTC) and CSI-RS resources intended for backhaul link discovery and maintenance across multiple backhaul hops taking into account the IAB topology.


Frame Structure Design and Access and Backhaul Multiplexing

A key advantage of IAB is that backhaul and access are integrated and multiplexed in the scheduler, allowing very dynamic resource allocation between the backhaul and access links (in both DL and UL directions). Even though the IAB relay node consists of two logical nodes each with its own protocol stack, the physical transceiver is shared between them. In other words the PHY of the MT and the PHY of the DU run on the same transceiver systems. The backhaul link and the access link can therefore be multiplexed in the following manner: 
1. Time Division Multiplexing: The access link and the backhaul link are time multiplexed with each other. This implies that UE-f PHY and DU-F PHY are not active simultaneously. 
2. Frequency Division Multiplexing: The access link and the backhaul link are active at the same time but on different frequency resources, e.g. on separate CC or on separate PRB on the same CC. 
3. Spatial Multiplexing: The access link and the backhaul link are active at the same time on the same frequency resources. This case further be divided in to the two following cases: 
a. Intra Panel SDM: The access and backhaul use the same panel but different spatial layers
b. Inter Panel SDM: The access and backhaul use different panels
Due to the half-duplex constraint at each relay node it can only transmit or receive at any given instance but not both. The MT PHY is in receive mode during a backhaul DL allocation and in transmit mode during a backhaul UL allocation. Similarly the DU PHY is in receive mode during an access UL allocation and in transmit mode during an access DL allocation as shown in Figure 4. 

[image: cid:image005.png@01D3944D.5F473090]

Figure 4: Half-duplex constraint at the relay
In Figure 5, TDM partitioning is shown with DL/UL switching gaps between both the backhaul directions as well as for the access links while a guard band is introduced between backhaul subframes in the case of FDM In addition, the multiplexing of the access and backhaul links should be backwards compatible to ensure Rel.15 UEs can be supported by IAB. Specifically, the latency/overhead introduced by orthogonal partitioning of resources in either time or frequency should be carefully considered, especially for mmWave frequencies which are typically TDD.  
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[bookmark: _Ref450668998]Figure 5: TDM/FDM of access and backhaul links
Proposal 2: IAB should support coordination mechanisms for the partitioning of time slots and frequency resources across multiple backhaul hops to support configuration of orthogonal resources for scheduling access and backhaul links served a given IAB node DU.

However, considering the multi-hop nature of the IAB network, more efficient usage of the DL/UL resources can be used even when taking into account the half-duplex constraint. When the donor gNB (hop 0) sends DL transmissions to the relay node of hop order 1, said rely node is receiving, hence it can schedule access UEs whose gNB it is in the UL. Alternatively, a second order relay node can transmit to the first order relay node when the latter is receiving from the donor node (hop 0). The resulting frame structure can result in cross-link interference at the UE which will be discussed in the next section. At the network side, the frame structure, and hence the interference, can be coordinated though. This implies that the frame-structure across the multiple hops need to staggered as shown in Figure 6.
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Figure 6: IAB frame structure
Proposal 3: IAB should support frame structure coordination mechanisms which enable alignment of DL transmissions of the IAB node’s DU with UL transmission slots of the IAB node’s MT as well as alignment of DL reception slots of the IAB nodes’ MT with UL reception slots at the IAB node’s DU.

To support the different resource partitions discussed in this section the network may utilize semi-static TDD UL/DL configurations to coordinate between DU functions of different IAB nodes (e.g. using the F1 interface). However, more dynamic mechanisms for resource coordination should be studied. For example, the available DL/UL resources shared between access and backhaul links at a given IAB node may be dynamically optimized, depending on traffic load variations or radio measurements including RSRP or CLI measurements.
Figure 7 gives an example where the DL and UL alternates to ensure the half-duplex constraint is maintained at the IAB node, however during slot t + 1 and slot t + 2, the IAB parent node does not have any DL traffic to schedule (e.g. for access and backhaul links) for the child IAB node. However since the frame structure is semi-statically coordinated, the IAB DU cannot adapt the frame structure to allow DL transmissions (to access UEs or other IAB nodes) since it is not aware of the potential scheduling of the IAB parent node.
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Figure 7: IAB frame structure without coordination
However, if the IAB parent and IAB node can perform dynamic frame structure coordination (DFSC), the parent node can indicate to the IAB MT function that a set of resources are available or released, overriding the semi-statically coordinated and configured DL/UL resource pattern. The IAB node can internally determine whether to utilize those newly available resources. Figure 8 gives an example of DFSC signalling and coordination, where at the beginning of the DL portion of slot t + 1 the IAB parent node indicates that the remaining DL resources in slot t + 1 and slot t + 2 are available for usage by the IAB DU for DL transmissions instead of UL taking into account delays associated with the reception processing time at the IAB node’s MT and scheduling processing time at the IAB node’s DU.
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Figure 8: IAB frame structure with dynamic coordination
Proposal 4: IAB should support dynamic frame structure coordination between a parent IAB node and child IAB node which enables flexible utilization of either DL or UL resources within a semi-statically coordinated and configured DL/UL resource pattern.

Cross-link Interference Considerations

As captured in TR 38.874 Section 7.5, the impact of cross-link interference (CLI) on access and backhaul links (including across multiple hops) should be studied, along with interference measurement and management solutions.  
In addition to the time scale of CLI measurements (short term and long term measurements), another important aspect of CLI measurements is what the measurements actually consist of, in terms of content. If CLI is simply indicated by the measured power or there are more sophisticated measurement metrics provided in the CLI. In addition to the interference power, CLI measurement can include components such as load information, angle of arrival measurements, and multi-antenna based measurements. Load measurement is a critical entity that determines effective CLI, in addition to coupling. This is especially important in a dynamic interference environment such as IAB. Differential Angle of arrival measurements also allows mitigating interference relative to the receiver antenna panel. Furthermore, including multi-antenna processing related information allows a better assessment and indication of the effective CLI, as it takes into account the use of beamforming techniques at the transmitter and receiver that alters the effect of CLI. 
Cross link interference measurements are important enablers for CLI management and mitigation, however for IAB they might impose on the frame structure and require special measurement instances, following the half duplex constraints. As a result coordination of CLI measurement occasions is required taking into account the multi-hop topology and whether semi-static or more dynamic frame structure coordination is being applied.

Proposal 5: IAB should support short term and long term CLI measurement and coordination of measurement occasions across multiple backhaul hops, which can enable load measurement, identification of the level of coupling between interfering nodes, and take into account multiple antenna and beamforming techniques at the transmitter and receiver.

Timing Alignment and Over-the-Air Synchronization
One of the key requirements of NR when operating in TDD band is the synchronization and symbol level alignment of the DL across all the gNB DUs. For IAB the relay DUs do not have any wired backhaul, therefore they must derive their timing synchronization over the air. The ability of the network to synchronize over the air will determine the maximum number of hops that IAB can sustain.   

As discussed in TR 38.874, the following cases of transmission timing alignment across IAB-nodes and IAB-donors should be further studied:
1. Case 1: DL transmission timing alignment across IAB-nodes and IAB-donors

1. Case 2: DL and UL transmission timing is aligned within an IAB-node

1. Case 3: DL and UL reception timing is aligned within an IAB-node

1. Case 4: within an IAB-node, when transmitting using case 2 while when receiving using case 3

1. Case 5: Case 1 for access link timing and Case 4 for backhaul link timing within an IAB-node in different time slots
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Figure 9: IAB frame synchronization over multiple hops
Figure 9 gives an example of a timing relationship between the backhaul subframes received by the MT of an IAB node, relative to the access subframes transmitted by the DU of an IAB node. 

Case 1 is the most critical of the cases provided above to be supported in order to ensure the access subframe DL are symbol level and slot level aligned across all DUs. Although the backhaul subframe as seen by the MT function of the IAB node in Figure 7 has the DL and UL shifted due to the propagation delays, the IAB node MT function is aware of this shift since the timing advance is provided to the MT explicitly, so the timing advance can be used by the IAB node to align its DL access subframes transmitted by the DU function by applying a TA/2 shift.
 
Proposal 6: IAB supports at least Case 1 timing alignment (DL transmission timing alignment across IAB-nodes and IAB-donors) by applying a relative timing equal to TA/2 between the DL subframe received by the IAB node MT function on the backhaul link and DL subframe transmitted on the access link by the IAB DU function.

Power Control Considerations
As discussed in Section 2.2., based on the half duplex constraint when the access and backhaul are multiplexed at the same time (i.e. FDM or SDM) then the following combinations are allowed:
•	PHY receive: backhaul DL and access UL are FDM or SDM
•	PHY transmit: backhaul UL and access DL are FDM or SDM
Since we are multiplexing a DL and UL across access and backhaul power control becomes very important. In NR transmit and receive power levels of DL channels and UL channels can be very different. For example when the PHY is in receive mode then it must receive the backhaul DL transmission and the access UL transmission at the same time. These two could be FDM or SDM. However in this case the DL backhaul transmission is performed by the DU function of the parent node whereas the UL access transmission is performed by a MT of a child node or a UE. Therefore the EIRP of DL transmission is typically much higher than the EIRP of the UL transmission. Moreover in NR the UL transmissions are power controlled whereas DL transmissions are not. This implies that the backhaul DL and access UL will arrive at the receiver at very different levels as shown in Figure 10. A similar problem happens during the transmit stage when the backhaul PUSCH and access PDSCH are FDM or SDM with different power levels between the MT PHY and the DU PHY. 
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Figure 10: Power spectral density difference at the receiver for backhaul and access link
If the hardware is shared between the MT and DU (e.g. same panel or same RF chain) then such a receiver PSD difference can cause significant problem. The higher PSD of the DL backhaul will likely set the AGC which implies that the UL access signal will fall well below the level set by AGC, which would impact the SINR and therefore the overall throughput of the access transmission. 
In order to support FDM and SDM using the same RF (e.g. intra panel) it is very critical to enhance the power control mechanism for IAB. Specifically, DL and UL transmit power coordination between a parent and child IAB node needs to be supported. One mechanism for this coordination is to introduce closed loop power control for DL backhaul link transmissions. This would not only take into account the pathloss of the backhaul link, but the required PSD of the DL backhaul transmission from the parent node to equalize UL access transmissions at the receiver within an appropriate range.

Proposal 7: DL and UL transmit power coordination between IAB nodes should be supported, including mechanisms for closed-loop DL power control between a parent and child IAB node.

Spectral Efficiency Enhancements
As discussed in the previous sections, the native deployment of massive MIMO systems in NR also creates an opportunity to support a complementary multiplexing technique of spatial reuse (e.g. SDM) between the backhaul and access links. Depending on the backhaul frame structure and support for beamforming, the access and backhaul traffic could be transmitted using orthogonal resources as described in Section 2.2., or by multi-user MIMO transmission schemes on a single link (e.g. either DL or UL). 
Proposal 8: IAB should support access and backhaul traffic multiplexing on single link (DL or UL) using multi-user MIMO transmission schemes.

In addition, the IAB physical layer design reuses the physical channel and procedures defined for access link for backhaul transmissions. The existing MIMO functions have fulfilled majority of the functionality needed for backhaul links as well. One further optimization is the higher number of MIMO layer for PUSCH. Right now the max number of layer for PUSCH is only 4 which is enough for access link but not enough for backhaul link as relay node typically has much larger antenna panel and TxRUs than that of UE. 
Proposal 9: Consider to support 8 layers of PUSCH transmission in the spec. 

Conclusion
This contribution analyzed potential physical layer enhancements for IAB. The following proposals were made:
Proposal 1: IAB should support the configuration and coordination of orthogonal time/frequency resources and periodicities for SSB transmissions (i.e. SMTC) and CSI-RS resources intended for backhaul link discovery and maintenance across multiple backhaul hops taking into account the IAB topology.
Proposal 2: IAB should support coordination mechanisms for the partitioning of time slots and frequency resources across multiple backhaul hops to support configuration of orthogonal resources for scheduling access and backhaul links served a given IAB node DU.
Proposal 3: IAB should support frame structure coordination mechanisms which enable alignment of DL transmissions of the IAB node’s DU with UL transmission slots of the IAB node’s MT as well as alignment of DL reception slots of the IAB nodes’ MT with UL reception slots at the IAB node’s DU.
Proposal 4: IAB should support dynamic frame structure coordination between a parent IAB node and child IAB node which enables flexible utilization of either DL or UL resources within a semi-statically coordinated and configured DL/UL resource pattern.
Proposal 5: IAB should support short term and long term CLI measurement and coordination of measurement occasions across multiple backhaul hops, which can enable load measurement, identification of the level of coupling between interfering nodes, and take into account multiple antenna and beamforming techniques at the transmitter and receiver.
Proposal 6: IAB supports at least Case 1 timing alignment (DL transmission timing alignment across IAB-nodes and IAB-donors) by applying a relative timing equal to TA/2 between the DL subframe received by the IAB node MT function on the backhaul link and DL subframe transmitted on the access link by the IAB DU function.
Proposal 7: DL and UL transmit power coordination between IAB nodes should be supported, including mechanisms for closed-loop DL power control between a parent and child IAB node.
Proposal 8: IAB should support access and backhaul traffic multiplexing on single link (DL or UL) using multi-user MIMO transmission schemes.
Proposal 9: Consider to support 8 layers of PUSCH transmission in the spec. 
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