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1
Introduction
In RAN1 #87, the following conclusion was made on the cross-link interference management with flexible/dynamic TDD [1]:
· 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
Dynamic TDD is expected to be the default operation in NR, especially at higher bands. It has been recognized that we have to deal with different interference scenarios with dynamic TDD, compared to FDD or static TDD. In particular, we have to deal with DL-to-UL interference (gNB-gNB interference) and UL-to-DL interference (UE-UE interference). Not only are these sources of interference non-traditional, but also this interference can fluctuate wildly at any given victim receiver due to the source of interference switching between the gNB and the UE. And if the source of interference is a UE, then this also causes large changes to the interference conditions from one TTI to another because the scheduled aggressor UE may be different from one TTI to another. In this contribution, we detail a method to cancel DL-to-UL interference by transmitting the DL packets from the gNB performing DL transmissions to the gNB performing UL transmissions via an X2-like interface.
2
DL-to-UL Interference Cancellation Using Packet Exchange
In Figure 1, we illustrate the new sources of interference in a dynamic TDD system, namely, the DL-to-UL interference (also known as gNB-gNB interference) and UL-to-DL interference (also known as UE-UE interference). It has been widely recognized that the DL-to-UL interference is a more severe problem that the UL-to-DL interference due to the possibility of a larger transmit power at the gNB when compared to the UE. The larger probability of LOS channels and large gain antenna arrays are other reasons for the DL-to-UL interference being the more severe of the two new sources of interference. Moreover, the UL-to-DL interference can be mitigated by intelligent coordinated scheduling methods that avoid scheduling UEs in neighboring cells that would end up creating too large an UL-to-DL interference to the DL UE. Thus, it is important to design effective interference cancellation methods to overcome the DL-to-UL interference. 
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Figure 1: Illustration of new sources of interference in a dynamic TDD system
Fortunately, the structure of the DL-to-UL interference also lends itself easily to an effective interference cancellation method using packet exchange between the gNB performing DL transmissions and the gNB performing UL transmissions. The DL packet meant to be transmitted over-the-air from the gNB performing DL transmissions is also transmitted to the neighbor gNB performing UL transmissions via an X2-like interface (i.e. Xn). Knowing the DL packet transmitted, the source of the interference, and using an estimate of the channel between the gNB performing DL transmissions to the gNB performing UL transmissions, the interfered gNB should be able to cancel the interference coming from the DL/aggressor gNB. This is illustrated in Figure 2, where side information in terms of the transmitted packet is exchanged over the Xn backhaul.
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Figure 2: Illustration of method of canceling DL-to-UL interference using packet exchange in a dynamic TDD system

A possible timing diagram using LTE as the baseline is shown in Figure 3. For a given over-the-air UL transmission, the decision that the TTI should be an uplink TTI should be made well ahead of time given that the UE needs to be sent an UL grant and also account for the processing time the UE needs before the UE can perform the UL transmission. If we use LTE timing as an example, the decision that TTI n should be an uplink TTI should typically be made in TTI (n-6) so that the over-the-air UL grant can be transmitted in TTI (n-4). Once that decision is made by a gNB, gNB1 in this example, it can then inform its neighboring gNBs that TTI n will be an uplink TTI for gNB1. If gNB2 had decided that TTI n will be a downlink TTI, it can transmit the packet it intends to transmit over-the-air in TTI n to gNB1. Typically, the MAC PDU may be ready by TTI (n-2) to allow some time for PHY processing. So this DL packet may be transmitted from gNB2 to gNB1 in TTI (n-2) itself. In the illustration in Figure 3, the MAC PDU is transmitted along with information on the chosen PRBs, MCS, redundancy version, and precoding information. gNB1 can estimate the gNB2 to gNB1 channel using the reference signal information that would be transmitted by gNB2. The configuration of gNB2’s reference signals can be sent from gNB2 to gNB1 to enable gNB1 to estimate the gNB2 to gNB1 channel. Knowing the channel and the packet that was transmitted, gNB1 is able to cancel the interference from gNB2. Thus the DL-to-UL interference can be effectively canceled by this method.  
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Figure 3: Timing diagram showing interference cancellation method using packet exchange using LTE timing 
Proposal 1: NR should support the method of cancelling DL-to-UL interference by means of exchanging the transmitted packet from the DL gNB to the UL gNB. It is suggested that RAN1 informs RAN3 as this requires Xn support.
The Xn protocol should support exchange of the MAC PDUs along with other information, such as, the chosen PRBs, the chosen MCS, redundancy version, and precoder. The Xn protocol should also enable neighboring gNBs to exchange the chosen transmission direction in a given TTI so that the DL gNBs will then know which of its neighboring gNBs has chosen UL transmission direction in the same TTI and would therefore know who to send its DL packet to. Even in the absence of an Xn link with sufficient bandwidth to support packet exchange, exchange of control information, such as, the chosen MCS, redundancy version, and precoder will still help to support advanced interference cancellation receivers at the gNB that can cancel the DL-to-UL interference.
Proposal 2: NR should support at least the exchange of the following parameters/data between gNBs:
· Transmitted DL packet, along with the scheduling information (e.g. the chosen PRBs, MCS, redundancy version, precoder information, and slot configuration)
· Exchange of transmission direction between gNBs so that the DL gNBs will know which neighbouring cells are UL gNBs to which packets need to be transmitted
In the presence of non-ideal backhaul link and to accommodate different processing times at the gNBs, it would be beneficial to allow the UL gNB some additional processing time to decode the UL packet. This additional processing time can be used to accommodate the delay in receiving the DL packet from neighboring DL gNBs. In the mean time, if we need to ensure that all the resources are fully used without any HARQ stall, then we would need the number of HARQ processes per UE be a bit larger than the prevailing over-the-air round trip time. This would ensure that the peak throughput does not suffer due to any potential extra latency in waiting for the packet to arrive on Xn for packet decoding. RAN1 has already agreed to some amount of flexible HARQ operation in NR where the time between the Ack/Nack and the packet transmission is configurable and explicitly indicated. In addition, asynchronous HARQ is supported which avoids a fixed timing between the fresh transmission and the retransmissions [2]. This additional flexibility will ensure that single UE throughput does not suffer when this DL-to-UL interference cancellation method is being used with some slow Xn links.   
Proposal 3: RAN1 should support more flexible HARQ allocation and allow the number of HARQ processes be more than the RTT to allow sufficient time for interference cancellation by packet exchange.
To support this DL-to-UL interference cancellation using packet exchange, the DL cell would have to transmit all its DL packets to the UL cell via the backhaul. By exchanging the MAC PDUs prior to channel coding, the backhaul requirements for such packet exchange would only be of the order of the over-the-air DL cell throughput. By transmitting the MCS, rank, etc. the receiving gNB would be able to determine the channel-coded packet transmitted over-the-air by the DL gNB. Thus it is sufficient to provision the backhaul bandwidth between two gNBs to be the peak over-the-air DL throughput that can be supported. The latency requirements on the backhaul would roughly be of the order of the DL PHY processing times so that the packets may be exchanged by gNBs within the time duration needed to perform DL PHY processing. If proposal 3 is supported, we will of course be able to handle more latency on the Xn backhaul between gNBs. If nHARQ is the number of HARQ processes, nRTT is the RTT duration in number of TTIs, and nPHY_PROC is the physical layer processing time, then the Xn backhaul latency to exchange a packet can be as large as (nHARQ-nRTT) + nPHY_PROC.. Thus, in order to tolerate a larger Xn latency at least for MBB traffic, we could increase the number of HARQ processes nHARQ. 
3
Discussion on methods to deal with UL-to-DL interference
The proposed method above deals effectively with DL-to-UL interference, but does not do much about UL-to-DL interference. However, we note that a gNB deciding to use a TTI for UL transmissions has to decide on the UE to be scheduled, its MCS, etc. well ahead of the gNB that is deciding to use a TTI for DL transmissions. Thus the UL gNB can easily transmit the scheduled UE information, choice of UL precoder, etc. with neighboring DL gNBs. The DL gNBs can then try to adapt to the scheduled UL UE in a cell and try to avoid scheduling DL UEs that may get too large an interference from the scheduled UL UE in the neighboring cell. NR should support methods to try to estimate the impact of the scheduled UL UE in a neighbouring cell to own cell DL UEs. This may be done by, for example, DL gNBs listening to/sensing and measuring the equivalent of SRS transmissions from neighboring cells’ UL UEs and trying to estimate the impact on own cell’s DL UEs. NR could also support DL UEs from neighboring cells directly measuring/sensing the equivalent of UL SRS signals from UL UEs of a given cell to directly estimate the interference and report back to their serving cells. The serving gNB can then take this into account in scheduling and link adaptation. The choice of the UL transmit beamformer and DL receive beamformer would also need to be taken into account while estimating the impact of scheduling a certain UL UE in a given cell on a particular DL UE in a neighboring cell. 

When two neighbouring cells use the same TTI for transmission in opposite directions, i.e., DL v/s UL, the UL transmission of a UE in the UL cell can cause significant interference to a neighbouring UE in the DL cell trying to decode a DL transmission, especially, if the two UEs are too close to each other. It should be possible to schedule around this problem by avoiding scheduling of such nearby UEs in two different cells simultaneously for DL and UL transmissions. This would need some coordination between the two cells. Note that such coordination would be aided by the fact that the UL scheduling decision needs to be made ahead of the DL scheduling decision given that the UL schedule needs to be conveyed to the UE ahead of time to give it some processing time. Thus the UL cell can convey the information on the UEs it scheduled in the UL to the DL cell, and the DL cell can then make use of this information to avoid scheduling UEs that are close to the scheduled UL UE. To enable this, we propose that UEs measure SRS transmissions from neighbour cell UEs and report these measurements to their serving gNBs. UEs may report only the identities of the strongest interferers so that the serving DL gNB may avoid scheduling such DL UEs that have a strong interference from the scheduled UL UEs in neighbour cells. (See Illustration in Figure 2.) These measurements should also ideally take into account the DL receive beamformer and the UL transmit beamformer at the UEs. The DL UE should measure the interference for the choice of DL receive beamformer aligned with what the UE would use to receive the transmissions from its serving gNB. Similarly, the UL SRS interference measurement should be made for the choice of UL transmit beamformer aligned towards transmission to its serving gNB. These measurements would also aid the serving gNB to make its link adaptation decisions based on knowledge of the measured interference and the knowledge of the scheduled UL UE in the neighbouring UL cell. To aid the UE making these measurements, the UEs may be informed of the UL SRS configurations of neighbouring cell UEs, or these configurations may be determined by the UE blindly. 
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Figure 4: Illustration of UL-to-DL interference mitigation using SRS interference measurements

In addition, these SRS measurements could also be augmented with DMRS measurements by the UE of neighbouring cell UEs’ UL data transmissions. However, this would need the scheduling information of neighbour cell UL UEs to be informed to the DL cell’s UEs, which may be an onerous requirement. Another approach could be blind detection of neighbour cell’s UL UEs’s DMRS transmission by DL cell’s UEs. Such measurements may be reported by the DL cell’s UEs to its serving cell, which then correlates that with the scheduled UL UE in the neighbouring cell.
Proposal 4: NR should support UEs sensing, measuring, and reporting of the interference from the neighbouring cell UEs’ SRS transmissions and coordination methods that would enable the scheduler to avoid or minimize UL-to-DL interference and allow it to adapt to such interference.
To enable proper link adaptation, the serving gNB would need to know the CSI of the DL UEs under different hypotheses of neighboring cells using the same TTI for DL versus UL. As mentioned above, since the knowledge of the transmission direction of neighboring cells would at least be available by the time of the DL scheduling, this information can be explicitly taken into account while performing link adaptation for DL UEs. In RAN1 #86bis, RAN1 agreed that NR would support interference measurement under different interference hypothesis. In addition, a flexible mapping between CSI reporting setting and RS setting was also agreed in RAN1 #86bis. This flexible CSI framework in NR can be used to report the CSI feedback pertaining to the multiple interference hypotheses as illustrated in Table 1 below.
	CSI Reporting Setting
	RS setting
	CSI-IM setting pertaining to strongest interfering cell’s transmission direction
	CSI-IM setting pertaining to second strongest interferer’s transmission direction

	0
	0
	Downlink
	Downlink

	1
	1
	Downlink
	Uplink

	2
	2
	Uplink
	Downlink

	3
	3
	Uplink
	Uplink


Table 1: Example mapping of CSI reporting setting to multiple interference hypotheses
Proposal 5: NR should support methods to allow the UE to feedback channel state information under different hypothesis of when the neighbour cell is transmitting in the DL direction v/s uplink direction.
4
Conclusion
In this contribution, we made the following proposals for handling the new sources of interference in dynamic TDD. 

Proposal 1: NR should support the method of cancelling DL-to-UL interference by means of exchanging the transmitted packet from the DL gNB to the UL gNB. It is suggested that RAN1 informs RAN3 as this requires Xn support. 
Proposal 2: NR should support at least the exchange of the following parameters/data between gNBs:
· Transmitted DL packet, along with the scheduling information (e.g. the chosen PRBs, MCS, redundancy version, precoder information, and slot configuration)
· Exchange of transmission direction between gNBs so that the DL gNBs will know which neighbouring cells are UL gNBs to which packets need to be transmitted
Proposal 3: NR should support flexible allocation of HARQ processes and the number of HARQ processes should be large enough for considering both RTT and sufficient time for interference cancellation by packet exchange.
Proposal 4: NR should support UEs sensing, measuring, and reporting of the neighbouring cell UEs’ SRS transmissions and coordination methods that would enable the scheduler to avoid or minimize UL-to-DL interference and allow it to adapt to such interference.
Proposal 5: NR should support methods to allow the UE to feedback channel state information under different hypothesis of when the neighbour cell is transmitting in the DL direction v/s uplink direction.
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