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1 Introduction

In last RAN1#87, the following agreement on dynamic TDD for new ratio (NR) was made [1]: 

Agreements:
· NR should support dynamically assigned DL and UL transmission directions at least for data on a per-slot basis at least in a TDM manner

· FFS control signaling details (e.g. UE or cell-specific, applicable for cross and/or same-slot scheduling, switching between dynamic and semi-static operation, etc.)

· FFS adaptation at the level of a mini-slot

· Other aspects, if any, are not excluded

· Note: the applicability of the above bullets in terms of spectra is a separate discussion

Agreements:
· At least following schemes are identified to be further studied aiming to mitigate cross-link interference with and without the assumption on inter-cell coordination:
· Advanced receiver for interference cancellation/suppression 
· RS design (e.g. symmetric RS) and timing alignment between DL and UL 
· Sensing/measurement scheme (e.g. LBT-like, OTA measurement if any, etc.)
· Power control and coordinated schemes (e.g. coordinated beamforming/scheduling, OTA signalling if any, etc.)
· Link adaptation
· Strive for common cross-link interference mitigation schemes for both paired and unpaired spectrum.
· For further study of measurements of cross link interference (CLI), aim for (if possible) reusing a physical reference signal used for other purposes 
· The need to enable CLI measurement should be taken into account when designing the RS which is also to be used for CLI measurement
· Study metric(s) to be used for CLI measurement, e.g., RSRP
· Physical reference signal used for CLI measurement aim for the same type for DL & UL (e.g. DM-RS type, CSI-RS type, etc.)
· To support CLI measurement, RS of a UE or a TRP aim to be received by another UE or another TRP 
In LTE, eIMTA was employed to support a UL-DL configuration change according to UL/DL traffic situations in a cell to improve the user average packet throughput. On the other hand, in NR, dynamic TDD can be used to improve the user average packet throughput and to achieve low latency requirement by reducing the frame alignment time. In the dynamic TDD, the transmission direction of time resources can be semi-statically or dynamically changed. This contribution considers the aspects of cross-link interference management using the coordinated beamforming/ scheduling, which also enables to support multiplexing eMBB and URLLC services in this dynamic TDD operation.
2 Beamforming based cross-link interference mitigation 

In NR, massive MIMO is one of the key features to improve the system throughput at higher carrier frequencies since it can increase the desired signal power and can multiplex more multiple users in spatial domain. For cross-link interference (TRP-to-TRP/UE-to-UE interference) mitigation, beamforming scheme like beam coordination can be also used in dynamic TDD systems.
2.1 Beam coordination for TRP-to-TRP interference management
In this subsection, we focus on the TRP-to-TRP interference from the downlink transmission for DL-users to the uplink reception for UL-users in the different cell. As one possible solution, we describe the beam and frequency resource coordination which can be employed to avoid transmitting to neighbor TRPs which are receiving from UEs or receiving from neighbor TRPs which are transmitting to UEs. We can select the receive beam index or transmit beam index to suppress the interference signal in spatial domain, and can assign orthogonal frequency resource to avoid the interference signal in frequency domain. Figure 1 shows the concept of a beam coordination scheme that can be applied to mitigate the TRP-to-TRP interference for the dynamic TDD system.
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Figure 1. TRP-to-TRP interference management
As shown in the Figure1, to assist TRP-to-TRP interference coordination, serving gNB sends Rx beam index, set of RBs, and slot index to neighboring gNBs which are potential interfering node. With the shared information, we can mitigate the TRP-to-TRP interference employing the frequency- and space-division multiplexing. It can be also required to share the table for TRP-to-TRP interferences of Tx-Rx beam pairs in advance using X2 interface. The potential interfering gNB predicts the interference situation, which exists between interfering gNB (TRP) and serving (interfered) gNB (TRP), based on the Tx beam index for the DL UE in its own cell, the Rx beam index of the neighboring gNB, resource allocation information, and TRP-to-TRP interference table. The potential interfering gNB could then change its scheduling behavior to improve the interference situation for the serving gNB by assigning different resource blocks or Tx beam index which is less interfering with the serving gNB.
2.2 Beam coordination for UE-to-UE interference management
In this subsection, we focus on the UE-to-UE interference from the uplink transmission of UL-users to the downlink reception of DL-users in the different cell. It can be more difficult to deal with the UE-to-UE interference compared to the TRP-to-TRP interference as the interference situation can be changed continuously by the mobility of UE. As one possible solution, we describe the beam coordination which can be applied to avoid transmitting of UL UE to neighbor UEs which are receiving from serving gNB by suppressing the interference signal in spatial domain. Figure 2 shows the concept of a beam coordination scheme that can be applied to mitigate the UE-to-UE interference for the dynamic TDD system.
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Figure 2. UE-to-UE interference Management
To assist UE-to-UE interference coordination, serving gNB sends Tx beam index, set of RBs, and slot index to neighboring gNBs serving potential interfering UEs. It can be also required to make table related to the UE-to-UE interference of Tx(for interfering UE)-Rx(for desired UE) beam pairs. UE-to-UE interference of the Tx-Rx beam pair can be changed according to the positon of the UE, and we need to introduce another method. One possible method is to make UE-to-UE interference rage based on the gNB’s Tx/Rx beam index as shown in Figure 2 and to share the table in advance using X2 interface. The gNB serving potential interfering UE predicts the interference situation which exists between interfering UE and desired UE based on the Rx beam index for the UL UE in its own cell, the Tx beam index for the DL UE in neighboring cell, resource allocation information, and UE-to-UE interference range table. The gNB serving potential interfering UE could then change its scheduling behavior to improve the interference situation for the desired UE in the neighboring cell by assigning the set of RBs to different UE or different set of RBs to the potential interfering UE.
Proposal 1: NR should support the beam coordination scheme to mitigate the cross-link interference at least for above 6GHz.
3 Cross-link interference management for multiplexing eMBB and URLLC
In order to support low latency services in the dynamic TDD system, we should consider more enhanced/fast interference management techniques than the method discussed in eIMTA. That is, we need to study how to proactively control TRP-to-TRP and UE-to-UE interference caused by the dynamic adaptation of transmission direction in each gNB independently for supporting the low latency services. Four candidate methods can be considered as follows:
· Alt. 1: Orthogonal time/frequency resource assignment for each cell

· Alt. 2: Aligned time/frequency resources allocation across cells
· Alt. 3: Orthogonal time/frequency resources assignment based on Tx/Rx beam information.
· Alt. 4: Interference cancellation
 For Alt. 1, orthogonal time/frequency resource can be assigned for each gNB, and each gNB can assign the orthogonal resource to URLLC UE. In this case, we cannot avoid the decreased spectral efficiency due to a high frequency reuse factor. The high frequency reuse factor means a low data transmission capacity of the wireless communication system. With a proper design of subframe/slot type, it is possible to avoid cross-link interference on URLLC packets while maintaining the frequency reuse factor 1 (Alt. 2). For example, mixed DL/UL subframe/slot can provide the possibility to enable the alignment of the resources for URLLC packets across cell as shown in Figure 3.  Center region in the subframe/slot can be dynamically used for DL/UL eMBB services through coordination among gNBs. 
        
[image: image3.emf]UE-to-UE 

interference

DL/UL

DL/UL

DL UL/DL UL

Subframe/slot

TRP-to-TRP

interference

DL URLLC UE

DL URLLC UE

UL URLLC UE

UL URLLC UE

UL UE

UL UE

DL UE

DL UE


                Figure 3. Aligned time resource allocation across cells.
In NR, gNB can determine which beam index will be used for a UE based on previous experiences. For example, as described in Section 2 we can consider to make tables for TRP-to-TRP and/or UE-to-UE interferences of Tx-Rx beam pairs and to use those for the decision. In this case, it is not always possible to find the proper beam index for all UE in time, and the low latency service can be restricted according to the position of UE. To deal with this problem, we can take into account orthogonal time/frequency resource assignment based on the Tx/Rx beam information (Alt. 3). For Alt. 3, orthogonal frequency resource can be assigned for each gNB, and the orthogonal resource can be used for the UE or gNB, which is a possible interferer for the gNB or UE of the neighbouring cell, transmitting the URLLC packet as shown in Figure 4 (b). For Alt. 3, unlike for Alt. 1, non-orthogonal time/frequency resource can be used for URLLC UEs. For example, sub-band 2 and 3 of cell 1 can be assigned to the URLLC UEs using Tx/Rx beam that are not interfering with neighbour gNB or UE in neighbouring cell. For Alt. 1 and Alt.3, it is required to share the transmission direction information of slots among cells in advance. The interference table related to Tx-Rx beam pairs also should be shared for Alt. 3. 
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Figure 4. (a) Orthogonal resource assignment for each cell,  (b) Orthogonal frequency resources assignment based 
on Tx/Rx beam information.
Interference cancellation schemes (Alt. 4) are not easy to guarantee the performance of URLLC because of the possible residual interference. Actually, it may be not proper to apply in dynamic TDD system supporting URLLC services. It is because in order to cancel the interference, we should know the transmitter parameters such as modulation order, MCS level, C-RNTI and so on which require some latency to be shared.

Proposal 2: Further study how to handle the cross-link interference caused by dynamic adaptation of transmission direction considering URLLC services.
The typical average delay required for sharing the transmitter parameters is 10 ms [2].  The maximum latency of X2-based backhaul is on the order 20ms except some rare scenarios. When subframe/slot duration (dynamic change unit of transmission direction) is less than 1ms, the transmission direction can be changed every several ms or several hundred us. This implies that X2-based backhaul is not appropriate to exchange the transmission direction information among cells. We should consider introducing new air-interface to efficiently support low latency service using dynamic TDD by solving the interference management. There could be following options for fast exchange of transmission direction through over-the-air (OTA):  

· Alt. 1: Overhearing the control signal transmitted to UEs in the neighboring cells 

· Alt. 2: Orthogonal resource assignment for sharing of UL/DL transmission direction information among gNBs
 For Alt. 1, the control signal including the transmission direction of subframe/slot can be contaminated by the desired UL signal or the signal transmitted from neighbor gNBs. For Alt. 2, it may be considered to design a new channel for sharing transmission direction information.
Proposal 3: Further study how to exchange the transmission direction information in time among gNBs for URLLC services.
4  Discussions dynamic TDD design for massive MIMO deployments with beamforming
The applicability of frequency-division duplexing (FDD) in massive MIMO systems has been shown to be challenging because of the amount of pilot overhead and feedback that would be needed for channel estimation. Hence, the feature of channel reciprocity makes time-division duplexing (TDD) very appealing for massive MIMO systems. Furthermore, flexible TDD designs are appropriate as a means to modify the capacity split between uplink and downlink and increase spectrum flexibility, but such schemes introduce the problem of strong cross-link interference when a downlink transmission happens at the same time of an uplink transmission. This contribution leverages the flexibility offered by a dynamic TDD architecture by finding answers to the following two questions:

· Which transmission path (uplink or downlink) should be used for training at the small cell tier?

· In which order should U/D slots be allocated to prevent both cross-link and beamformed interference while matching the load distribution?
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Figure 5. Diagram of main principle.

Observation 1: The pilot overhead introduced by employing downlink pilots (SD) in a TDD massive MIMO system is very high. Hence, when using a large number of antennas, channel training should be performed in the uplink (SU) to avoid the costly overhead. 

Observation 2: Single-antenna base stations or with a smaller number of antennas may choose both uplink or downlink to perform channel training in TDD systems.

Observation 3: Beamformed interference to users at other cells caused by pilot contamination effect may be avoided by right selection of transmission path at each time slot. 

Observation 4: Strong cross-link interference (in particular, base station to base station) generated by flexible TDD deployments must be prevented as line-of-sight (LoS) channels between base stations would cause interference to be highly damaging because of the received interference power.

Following the above observations, the following classification can be established when a pilot contamination regime (PCR) is in place:

· According to the reception of beamformed interference

· Reduced Contamination Regime (RCR): node not listening when beamformed interference is present

· Increased Contamination Regime (ICR): node listening when beamformed interference is present

· According to the contaminating pilot

· PCR-Downlink (PCR-D): Massive MIMO pilots contaminated by interfering DL training sequence

· PCR-Uplink (PCR-D): Massive MIMO pilots contaminated by interfering UL training sequence

The problem of possible beamformed interference adds to the already existing problem of cross-link interference, hence making essential its joint solution to the problem.

We evaluate the simple case of two cells with one user each sharing the pilot signal where one cell acts as the serving cell and the second cell as interferer. The serving base station is equipped 128 antennas. We restrict the simulation to two time slots: A training phase followed by a data transmission phase. We further assume that the serving base station gets its channel estimate contaminated by interfering pilots carried in the downlink (PCR-D). Then, we measure the signal-to-interference ratio (SIR) during the data transmission slot at the receiving ends, namely the interfered user in the case of downlink data transmission, and the serving base station in the case of uplink transmission. The results are displayed in Fig. 6. The SIRs are measured for different contamination ratios, defined as the quotient between the received serving power and the received interfering power during the training phase. Clearly, the pilot contamination effect degrades SIRs both in the downlink and uplink. More interestingly, selecting the RCR configuration over ICR greatly increases the SIR of the downlink and uplink transmissions. Furthermore, the contamination ratio plays an important role: When the power level of the contamination is high, the beamformed interference experienced at the users increase, hence enlarging the SIR gap between RCR and ICR. This observation is crucial when designing a TDD configuration for a HetNet since beamformed interference coming from high-power elements is much more dangerous than the interference coming from low-power elements.

[image: image6]
Figure 6. Simulation results.

Proposal 4: Interference can be avoided in a dynamic TDD system with at least one massive MIMO base station by selecting the right transmission paths for training in the base stations without overhead constraints and selecting the right order in the data slots of all cells. 

5 Conclusions

In this contribution, we discuss some aspects of cross-link interference management using the coordinated beamforming/scheduling, which also enables to support multiplexing eMBB and URLLC services. We also discuss dynamic TDD design for massive MIMO deployments with beamforming. Based on the analysis, following observations and proposals are made:
Proposal 1: NR should support the beam coordination scheme to mitigate the cross-link interference at least for above 6GHz.
Proposal 2: Further study how to handle the cross-link interference caused by dynamic adaptation of transmission direction considering URLLC services.
Proposal 3: Further study how to exchange the transmission direction information in time among gNBs for URLLC services.
Observation 1: The pilot overhead introduced by employing downlink pilots (SD) in a TDD massive MIMO system is very high. Hence, when using a large number of antennas, channel training should be performed in the uplink (SU) to avoid the costly overhead. 

Observation 2: Single-antenna base stations or with a smaller number of antennas may choose both uplink or downlink to perform channel training in TDD systems.

Observation 3: Beamformed interference to users at other cells caused by pilot contamination effect may be avoided by right selection of transmission path at each time slot. 

Observation 4: Strong cross-link interference (in particular, base station to base station) generated by flexible TDD deployments must be prevented as line-of-sight (LoS) channels between base stations would cause interference to be highly damaging because of the received interference power.

Proposal 4: Interference can be avoided in a dynamic TDD system with at least one massive MIMO base station by selecting the right transmission paths for training in the base stations without overhead constraints and selecting the right order in the data slots of all cells. 
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