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[bookmark: _Ref485151100]Introduction
In NR, slot structures are far more flexible than LTE slot structures, which may result in highly dynamic and bursty inter-cell interference conditions, which vary in the sub-symbol time scale. For instance, because NR supports mini-slots and URLLC, short burst of transmission within a regular eMBB slot may start at arbitrary symbol locations, and unscheduled uplink transmissions without a grant are allowed. Other factors in NR that may contribute to bursty interference include support for adaptive reference signal patterns (e.g., DMRS and CSI-RS patterns may depend on number of antenna ports, delay tolerance, Doppler spread, etc.), and beam-based transmissions (e.g., interference fluctuates with beam changes, including refinements, dynamic switching among multiple possible BPLs, etc.). Bursty interference may also be caused by dynamic TDD operation (e.g., because of gap for DL-UL switching, cross-link interference (i.e., UL-to-DL and DL-to-UL), etc.), and slot/symbol misalignment between neighboring cells .
	


	[bookmark: _Ref485147353]Figure 1. Bursty interference environment


Figure 1 illustrates an exemplary inter-cell interference environment. As shown in Figure 1 (a), a UE in Cell 0 receives a downlink slot, while receiving interference from Cell 1 and Cell 2. In Figure 1 (b), exemplary interference powers corresponding to the environment in Figure 1 (a) are provided. For this particular example, Cell 0 transmits a DL slot comprised of DL control and data, Cell 1 transmits a DL slot comprised of two mini slots, and Cell 2’s slot comprises a DL component and an uplink (UL) component. Here, because of the dynamic nature of the communications in its neighboring cells (i.e., Cell 1 and Cell 2), the UE in Cell 0 receives dynamic and bursty interference, which is marked as ‘Overall’ in the bottom of Figure 1 (b).
It should be noted that scheduling and demodulation performance is highly dependent on the bursty interference conditions at the actual transmission time. Current interference measurement framework (e.g., via a CSI-RS or an IMR), however, only provide measurements of a relatively large time scale. Also, in a bursty interference environment, interference-aware scheduling based on the large-time-scale measurement may converge to a very conservative decision to avoid high block error rates and frequent retransmissions, which generally has an undesirable impact on overall system throughput. Furthermore, although bursty interference can be controlled to some extent by fast scheduling coordination among TRPs, such coordination is often very costly and may not be adequate for ultra-low-latency applications. 
At UEs, the on-the-fly noise/interference measurement or identification of bursty interference at demodulation time may help reduce the block error rates, which in turn can desirably improve the overall system throughput in bursty interference conditions. However, using the noise/interference measurement from the reference signals for channel estimation may not accurately capture the fine variation of the interference in symbol- or subband-level. As the DL demodulation performance is strongly rely on the accuracy of symbol- and tone-level interference estimation, we propose to use dedicated resources (e.g. sparsely spaced null tones) to improve the accuracy of interference estimation and hence enhancing DL demodulation.
[bookmark: _Ref485219287]Proposal 1: NR UEs are provided with dedicated resources and signaling for bursty interference measurement/identification at demodulation time.

Bursty interference measurement (BIM)
[bookmark: _Ref485201365]Baseline approaches
In NR, several baseline approaches for interference estimation can be considered using resources that are currently available. For example, DMRS-based interference covariance () estimation can be formulated as

where  is a received signal,  is a DMRS sequence, and  is a channel estimate (possibly DMRS-based). Note that the average is taken only over the DMRS tones. Although this approach has relatively low complexity, the time-domain density of DMRS may not be high enough to capture symbol-by-symbol interference fluctuations. Also, the DMRS-based approach measures the interference on DMRS tones, which could be different from the actual interference on data tones.
Another approach is based on the sample covariance matrix () of data (NR-PDSCH) tones:

where  is a Rx covariance matrix estimate (symbol or subband-wise averaged over data tones). Note that this approach does not guarantee the positive definitiveness of , so additional processing, such as regularization, may be required. Although this approach does not require dedicated resources for bursty interference estimation and capture the true interference on data tones, this approach provides low estimation accuracy for small blocks (e.g., due to channel estimation error and Ryy estimation error), where the processing gain is not high enough.
[bookmark: _Ref485204921]Null tones for BIM
As proposed in Section 1, we consider using dedicated resources for BIM in NR. In particular, null tones embedded within each scheduled resource block and present on every DL symbol can be used as a BIM resource. Compared to the previous baseline approaches using existing resources, the above approach based on dedicated BIM resource (i.e. null tones) may yield more accurate interference estimation for data tones. The null-tone-based  estimation can be formulated as

where the average is taken only over the dedicated null tones on each symbol. Additional regularization may be applied to take the channel estimation error into account.
Note that the above formulation is just for a brief explanation; there can be more advanced null-tone-based schemes that can be chosen depending on applications and receiver capabilities. For example, the dominant types of bursty interference sources (mini-slot, cross-link interference, RS transmission, etc.) can be identified by hypothesis testing on the null tones, and a specific  estimation or interference mitigation algorithm can be selected. Some hybrid schemes that use both existing (DMRS, data tones, etc) and dedicated BIM resources can also be considered.
[bookmark: _Ref485219294][bookmark: _Ref485219887]Proposal 2: Null tones embedded in the scheduled RBs can be used for BIM. The null tone is sparsely spaced in frequency but densely placed in time (possibly on every OFDM symbol).
Configuration of BIM
The configuration of BIM resources can depend on a plurality of factors. For instance, such factors may include:  long-term interference statistics (e.g., conventional interference measurement using CSI-RS and IMR); UE capability (e.g. receiver type (MMSE, MMSE-IRC, etc.), number of Rx antennas, etc.); transport block size (e.g., number of assigned resource blocks) or a modulation and coding scheme (MCS), etc. In other words, the configuration should be UE-specific, and a beam-specific configuration can further be considered for mmWave. Also, since the interference characteristic can be different for sub-6 and mmWave, the configuration needs to be band-specific.
BIM may not be needed in all cases, and hence triggering of BIM should be adaptively determined depending on various factors. For instance, depending on the burstiness of interference, it is contemplated that BIM may be enabled on a per-symbol or, at least, per-slot basis. The burstiness of interference in upcoming slots can be predicted at TRPs through backhaul signaling similar to ICIC in Rel. 8 LTE. Otherwise, the bursty interference can be detected at UEs by monitoring code block-wise error events, and reported to TRPs for reactive triggering of BIM or CBG-based transmission in subsequent slots.
BIM resources in NR
In NR, for the sake of compact and streamlined design, reusing existing RS configurations for BIM would be preferred instead of introducing a new type of resources for BIM. For instance, as discussed in Section 2.1, DMRS can be used for BIM. However, according to the NR agreements and WAs up to RAN1 #89, DMRS has high tone density in frequency on several (front) symbols and may not have enough time-domain density for BIM. CSI-RS has similar issues; its density (RE/port/PRB) may not be high enough for BIM, and also it is not always assigned with scheduled data.
PTRS, on the other hand, seems to be the best candidate whose configuration can be reused for BIM purpose. Indeed, the time-domain density of PTRS can be configured to be high enough for BIM, and also UE-specific (MCS/BW dependent) configuration is supported. Moreover, in low-frequencies, such as in sub-6, bursty interference is more problematic than CPE. Since PTRS for CPE estimation is mainly targeting high-frequency systems such as mmWave, it would be desirable to repackage PTRS for BIM in sub-6.
[bookmark: _Ref485219301]Proposal 3: In NR, PTRS configuration can be reused for BIM.
If a PTRS tone is assigned along with scheduled data, it can be used for  estimation in the same way as the DMRS-based method described in Section 2.1. However, for improved accuracy and reduced Rx processing loads, it is particularly desirable to have null tones instead of non-zero power RS tones, as discussed in Section 2.2. In this light, we propose to introduce multiple puncturing patterns of PTRS tones. The puncturing patterns can also include entire puncturing, which corresponds to zero-power PTRS.
In Figure 2, some exemplary PTRS configuration for BIM are illustrated. Figure 2 (a) and (b) show the ordinary PTRS configuration where the PTRS tones present on every and every 2nd symbol, respectively. In Figure 2 (c), every 2nd PTRS symbol is punctured to place null tones for BIM, while the un-punctured PTRS tones can still be used for CPE estimation. Similarly, in Figure 2 (d), all PTRS symbols are punctured to form ZP-PTRS, which can solely be used for BIM.
Besides PTRS puncturing, there are many other aspects in the current PTRS framework that need modification to support BIM. For instance, the PTRS/null-tone assignment should depend on the use cases, i.e., whether it is used for either CPE estimation or BIM, or for both. Also, flexible PTRS/null-tone placement within a PRB needs to be supported to capture the interference from data tones of neighboring cells: a fixed PTRS subcarrier index, which collides with the other PTRS subcarriers of neighboring cells would not capture the correct bursty nature of interference. In RAN1 #89 meeting [2], there was a relevant agreement:
· For a given RB, if present, one PTRS port should be mapped on one subcarrier carrying one or more DMRS ports of the associated DMRS port group
· FFS: to support different subcarriers by complementary option
	


	[bookmark: _Ref485216143]Figure 2. (a) PTRS in every symbol, (b) PTRS in every 2nd symbol, (c) punctured PTRS, (d) ZP-PTRS


It is FFS whether this is sufficient to support flexible PTRS subcarrier placement for BIM. However, as a complementary option, it would be desirable to have the PTRS/null-tone subcarrier indices within a PRB be explicitly determined by higher layers, or implicitly determined by (virtual) cell-ID-based offset/hopping pattern. 
In RAN1 #88 meeting [1], the following was agreed:
· Presence/patterns of PT-RS are configured by a combination of RRC signaling and association with parameter(s) used for other purposes (e.g., MCS) which are (dynamically) indicated by DCI
· Whether PT-RS can be present or not depends on RRC configuration 
· When configured, the dynamic presence is associated with DCI parameter(s) including at least MCS
· FFS: Time domain density is associated with dynamic configuration by MCS
· When present, frequency domain density is associated with at least dynamic configuration of the scheduled BW
· FFS: Frequency domain density is associated with dynamic configuration by MCS
· FFS: Frequency-domain pattern design supports both frequency-localized and frequency-distributed allocation of PT-RS subcarriers
· Other association factors/rules are not precluded
· Usage of PT-RS, e.g. CFO/Doppler correction, is not precluded, pattern/signaling for this use case can be different

Also, in RAN1 #89 meeting [2], the following was agreed:
	


	[bookmark: _Ref485218202]Figure 3. (a) Multiplexing 2 NZP-PTRS ports, (b) multiplexing 2 ZP-PTRS ports for BIM


· For CP-OFDM,
· For SU-MIMO, dynamic presence of PTRS is determined by allocated MCS, BW, and subcarrier spacing
· FFS: For MU-MIMO case
· For SU-MIMO, time pattern of PTRS is determined by allocated MCS, and subcarrier spacing
· FFS: For MU-MIMO case

According to the above agreements, once PTRS is configured to be present, the dynamic presence and time/frequency-domain densities are implicitly determined associated with other parameters, such as MCS and scheduled BW. However, this may not be sufficient when the PTRS/null-tone is used for BIM, because the configuration depends on many other factors as discussed above. Therefore, we propose that explicit signalling to indicate dynamic presence and a specific PTRS/null-tone pattern should be supported for BIM.
Finally, in RAN1 #89 meeting [2], the following was agreed regarding multi-port PTRS assignment:
· [bookmark: OLE_LINK3][bookmark: OLE_LINK4]Support association between one PTRS port and one DMRS port per DMRS port group
· FFS: Configurable or fixed association
· Signalling methods, e.g., RRC, MAC-CE, DCI

Although the association between one PTRS port and one DMRS port per QCLed DMRS port group is desirable for CPE estimation, it is definitely not the case for BIM. To estimate the interference covariance matrix  for MIMO, at least the same number of PTRS ports as the number of DMRS ports is required. Therefore, to support BIM with PTRS configuration, the association between PTRS and DMRS ports should be more flexible. It is noteworthy that, when multiple PTRS/null-tone ports are multiplexed, the multiplexing pattern could be different depending on the use cases. In Figure 3, examples of PTRS/null-tone multiplexing are provided. As shown in Figure 3 (a), orthogonal multiplexing, such as TDM or FDM, is preferred for ordinary non-zero-power PTRS ports. However, when multiple ZP-PRTS ports are configured for MIMO BIM (interference covariance matrix estimation), they could simply occupy the same subcarrier index as shown in Figure 3 (b). Therefore, compared to NZP-PTRS for CPE estimation, ZP-PTRS (null tones) for BIM could have lower overhead in multi-port scenarios.
[bookmark: _Ref485219314]Proposal 4: To support BIM with PTRS configuration, the following features need to be added to the existing PTRS framework:
· Support for puncturing patterns for PTRS
· Zero-power PTRS as a special case
· Flexible PTRS subcarrier placement within a PRB
· Explicit signaling of PTRS puncturing patterns, time/frequency densities, subcarrier indices, etc.
· Possibly via MAC-CE or DCI signaling
· Flexible association between multiple PTRS ports and multiple DMRS ports
Conclusions 
We conclude:

Proposal 1: NR UEs are provided with dedicated resources and signaling for bursty interference measurement at demodulation time.

Proposal 2: Null tones embedded in the scheduled RBs can be used for BIM. The null tone is sparsely spaced in frequency but densely placed in time (possibly on every OFDM symbol).

Proposal 3: In NR, PTRS configuration can be reused for BIM.

Proposal 4: To support BIM with PTRS configuration, the following features need to be added to the existing PTRS framework:
· Support for puncturing patterns for PTRS
· Zero-power PTRS as a special case
· Flexible PTRS subcarrier placement within a PRB
· Explicit signaling of PTRS puncturing patterns, time/frequency densities, subcarrier indices, etc.
· Possibly via MAC-CE or DCI signaling
· Flexible association between multiple PTRS ports and multiple DMRS ports
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