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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
[bookmark: _Ref129681832]NR Rel-15/16 were developed towards ITU 5G scenarios and performance requirements and have laid a solid foundation for further 5G standards evolution. In the current Rel-17, new scenarios and requirements as well as further enhancements of existing scenarios/requirements/features are being standardized. To further improve NR performance significantly, for example for applications such as XR, new techniques should also be considered in Rel-18. For example, except for multi-TRP NCJT, CoMP technologies have not been thoroughly explored for NR, such as coherent JT (C-JT), distributed MIMO (D-MIMO), distributed cooperative MIMO, etc., which have been proposed and discussed in RAN Rel-18 preparation workshop and emails. Based on the latest research progresses, distributed cooperative MIMO utilizing TDD reciprocity can realize advanced interference avoidance/mitigation between the distributed TRPs and yield significant performance benefits with no or little information exchange required among gNBs. In this contribution, we focus on the proposal for Rel-18 for distributed cooperative MIMO.
Distributed Cooperative MIMO enhancement via sounding based interference probing
TDD Massive MIMO can provide high SE and is widely considered as a key technology for 5G NR. However, the current 5G NR TDD system provides only moderate performance benefit over 4G LTE TDD system with the same antenna setting. Further enhancement of TDD Massive MIMO for even higher SE is desirable for future releases of NR. In this contribution, we propose a new mechanism that enhances UL SRS to probe and mitigate DL interference (intra-cell and inter-cell) in a TDD Massive MIMO system with distributed cooperative gNBs/TRPs, resulting in significant SE gains on top of current Rel-17 compatible mechanisms. It is suggested that RAN1 and RAN support this new mechanism in Rel-18.
Distributed Cooperative Massive MIMO: potential and issues
Massive MIMO is considered as the major technique to achieve very high SE performance. One of the main issues in Massive MIMO is how to obtain accurate knowledge of the channels to enable spatial multiplexing of transmissions to multiple users without strong inter-user interference. For FDD systems, a relatively smaller number of antennas in the system limits the potential of performance, and in addition, without channel reciprocity, CSI acquisition needs to rely on CSI feedback which can lead to higher overhead, longer latency, lower accuracy, and hence limited SE performance. For TDD systems, Massive MIMO works relatively well thanks to accurate CSI acquisition through channel UL-DL reciprocity and generally provides higher SE than FDD. 
However, channel UL-DL reciprocity is so far only utilized for single-cell (non-cooperative) MU-MIMO for TDD systems and the gain is still far from what is promised with the massive number of antennas. 
On the other hand, cooperative MIMO (e.g., CoMP in LTE) has not been found successful in practice. Here are some insights on the causes:
· Reciprocity in TDD is utilized (only) for channel information estimation for desired signals.
· Intra-cell interference (from MU-pairing) is handled relatively well, but for most scenarios with Massive MIMO inter-cell interference becomes the dominant limiting factor.
· Handling inter-cell interference using channel information of neighboring cells is not successful even for TDD system:
· Each individual interfering link may not be strong enough to obtain reliable channel information, by CSI feedback or by SRS.
· The number of interfering links to consider is generally large, resulting in overhead, complexity, and robustness issues.
· Each cell (or cell group) uses a centralized approach, which leads to significant complexity, robustness, backhaul, and edge-effect issues.
To resolve these issues and obtain the promised gain from the massive number of antennas, a new approach is proposed here. Instead of trying to obtain channel state information of interfering links and then determine precodings jointly at a centralized entity, SRS is enhanced to directly reflect DL interference spatial information (utilizing UL-DL reciprocity). Each gNB measures the corresponding SRS resources to obtain such information and adjusts its precoding to achieve interference coordination/avoidance. More details are provided in the next subsection.
SRS Enhancements for Distributed Cooperative MIMO in TDD System
Here we introduce a new mechanism to obtain spatial information of DL inter/intra-cell interference through distributed cooperative UL sounding based on UL-DL reciprocity. 
Traditionally, DL interference and UL transmissions are not directly related even in a TDD system, and hence UL-DL reciprocity is not applicable for interference acquisition purposes. To utilize TDD UL-DL reciprocity for interference measurement, the key is to tie some sounding activities to scheduled DL transmissions, referred to as DL Interference Probing. In other words, after gNBs make DL scheduling decisions including resource allocation and MU pairing, the system first goes through a step in which the gNBs trigger the to-be-scheduled UEs to sound on resources corresponding to the DL scheduling. That is, only (and all) the UEs/layers prescheduled for PDSCH will send SRS, and the SRS reflects the PDSCH resource/layer allocation. Then by TDD reciprocity, a gNB seeing strong UL interference from a certain spatial direction on the SRS resources (for example, via estimating the UL spatial covariance of interference signal) implies that in DL transmission the gNB will cause strong interference in that direction. The gNB can then adjust the precoding for DL interference avoidance. Finally the gNBs can perform the actual DL transmissions with resource allocations and MU pairing the same as the prescheduling. The gNBs in the network can coordinate the probing SRS resources and the time delay between the prescheduling and actual DL transmission a priori, but essentially no inter-gNB information exchange is required on the fly. To summarize, DL Interference Probing from UL is possible if the network controls the UEs to transmit SRS in a way that best reflects prospective DL interference. 
The above approach is illustrated in Figure 1, in which the sounding from UEs is based on prescheduling and reflects UE receive beamforming capabilities. As a result, the gNB can acquire DL interference spatial information. The gNB adjusts the precoders and thus DL SINR and SE can be improved. Furthermore, depending on the network implementation, more users/layers may be paired for MU-MIMO (such as via less conservative scheduling), yielding even higher SE gains. This approach of interference probing and mitigation can be used to enable a variety of communication schemes to be implemented, generally in the category of Distributed Cooperative Massive MIMO.
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Figure 1: TDD DL SE performance enhancement via interference probing and mitigation. To convey spatial information about the interference (both intra-cell and inter-cell) to the network, SRS based on prescheduling may be used

The above approach is effective to suppress both inter-cell and intra-cell interference. As discussed above, in Massive MIMO systems, the MU interference or intra-cell interference can be effectively controlled by existing solutions such as zero-forcing or WMMSE, leaving inter-cell interference the main bottleneck for further SE improvement. Thus precoding against both intra-cell and inter-cell interference is highly effective in achieving optimized system level performance. This approach also has the following advantages:
· Distributed across gNBs (or TRPs) in the network, with low computational complexity for each gNB
· No or little channel information exchange among gNBs
· Can adapt to inter-cell interference, including unknown interference from non-cooperative gNBs or outside of the network (e.g., from other service providers, small cells, etc.)
· No need to estimate element-wise channel, reducing the complexity and overhead.
One specific way to implement is called bi-directional training (BiT); see, e.g., [1][2] for details on algorithms for narrowband systems and wideband systems, in which iterative interference probing and mitigation are carried out starting from random initial gNB precoding, i.e., the UL sounding and DL transmission with adjusted precoders shown in Figure 1 will be executed multiple times until convergence to optimal/sub-optimal precoders, and then the PDSCH is transmitted with the optimal/sub-optimal precoders. Alternatively, BiT without multiple iterations (i.e., only one shot of interference probing before the PDSCH transmission, as shown in Figure 1) can be performed, in which beamformed sounding based on conventional DL channel measurement and interference measurement is used. The latter is more practical for typical wireless communications, whereas the former can be applied to scenarios with long-term channel stationarity. 
One key difference of BiT (as a distributed cooperative MIMO scheme) from C-JT is that in BiT, the DL transmission is only from one single transmission point, e.g., one gNB, whereas in C-JT, the DL transmissions are from multiple transmission points.  For BiT, since the DL transmission is only from one single transmission point, there is no need to have downlink data ready at multiple transmission points.  Therefore, unlike C-JT, BiT does not require a fast backhaul, making it easier to be deployed in scenarios where the requirement of a fast backhaul is difficult to satisfy. That said, BiT can be easily extended to M-TRPs serving one UE though.
Performance Evaluation of Distributed Cooperative MIMO via Sounding Based Interference Probing
Simulation results are provided to evaluate the performance of BiT with one-shot interference probing in a multi-cell wideband TDD system. Performance evaluation with full-blown simulator and agreed EVM assumptions have been conducted. The deployment scenarios are based on 3GPP models (see Table 2 in Appendix for more details). One baseline is ZF based Massive MIMO with P-SRS of every 5 TTIs. With one-shot BiT utilizing flexible A-SRS, significant UPT gains (8% ~ 46% gain for mean UPT, and 44% to more than 2x gains for 5%ile UPT) are achieved over ZF for different RUs (~20%, 50%, and 70%) as shown in Figure 2. The gains primarily come from increased DL SINR and also the increased total number of paired layers due to effective inter-cell interference avoidance. In Figure 3, we also see that BiT can substantially reduce the RU under the same traffic load as the ZF, which results from the increased spectrum efficiency with BiT, and the reduced RU in turn contributes to reduce interference in the network, further improving the SINR and UPT in the system.
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Figure 2: Performance comparison of BiT (with flexible A-SRS) and ZF-based Massive MIMO under different traffic arrival rates. The performance metrics are: mean UPT, 5%ile UPT, and 50%ile UPT. In the bars, the value “1” is for the baseline and the other value (such as “1.46”) is relative to the baseline.

[image: ]        
Figure 3: RU comparison of BiT (with one-shot interference probing) and ZF-based Massive MIMO under different traffic arrival rates. In the bars, the value “1” is for the baseline and the other value (such as “0.91”) is relative to the baseline.

A wide variety of simulations have been conducted, such as with full-buffer traffic and with different numbers of UEs in the network, UEs with 1T4R, SRS with UL power control, with more realistic impairments and scheduling methods, enhanced rank adaptation, jointly with NZP CSI-RS based interference probing, etc. These simulations have demonstrated generally similarly high gains of BiT over baseline ZF. Specifically, evaluations under XR scenarios have shown that BiT can considerably improve UPT and XR capacity over baseline ZF [5].  Figure 4(a) and (b) illustrate the comparison of XR system capacity for BiT and ZF under Dense Urban and Urban Macro scenarios, respectively. Table 1 shows the XR system capacity for ZF and BiT.  As illustrated in Table 1, BiT can achieve a XR system capacity gain of 56%-88% over ZF depending on the scenarios.  Please refer to [5] for more detailed evaluation results and simulation assumptions.
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[bookmark: _Ref81560143]Figure 4: Comparison of XR system capacity for BiT and ZF (a) Dense Urban FR1, Uneven loads and (b) Urban Macro FR1, Uneven UE loads 
[bookmark: _Ref81560950]Table 1: XR System Capacity
	Scenario
	ZF
XR Capacity (users/cell) 
	BiT
XR Capacity (users/cell)
	XR Capacity Gain 
BiT over ZF

	Dense Urban FR1
	[bookmark: _Hlk71044689]~8.7
	~16.4
	88%

	Urban Macro FR1
	~6.1
	~9.5
	56%



Objectives for Rel-18 standard support
In order to effectively convey information about dynamic interference conditions to the network, a gNB can indicate UEs how the SRS should be transmitted, including the time/frequency resource allocation and port selection for the SRS corresponding to the prospective PDSCH. This means that the network needs to dynamically adjust more SRS transmission parameters (PRB allocations, port selection) than with conventional SRS transmission (comb, offset, cyclic shift, etc., and on all ports of a SRS resource). 
The proposed new Distributed Cooperative Massive MIMO mechanism mostly relies on network implementation, but some steps also require standard support:
· Operations requiring standard impact
· SRS transmission with parameters tied to DL transmission, including PRB allocation and port allocation
· SRS trigger enhancement to dynamically signal parameters with low overhead
· SRS beamforming based on DL channel and interference measurement 
· Operations requiring no standard impact
· gNB scheduling/prescheduling, MU pairing, interference measurement on SRS resources, generating interference covariance matrix, precoding adjustment, time gap between prescheduling and actual DL transmission, how to tie the signalled SRS transmission parameters with parameters for DL transmission, etc.
· Note that no or little information exchange between the gNB is needed and the DL transmission is only from one single transmission point. 
The following are proposed based on above discussions:
[bookmark: _Hlk81563533]Proposal 1: Support TDD distributed cooperative MIMO via DL interference probing and mitigation based on SRS enhancements in Rel-18.
Proposal 2: Include the following objective in Rel-18 MIMO item for TDD MIMO:
· SRS enhancements with dynamically indicated parameters associated with corresponding DL transmissions
· SRS transmissions with dynamically indicated PRB allocation and port allocation
· SRS trigger signal enhancement to include PRB allocation and port allocation
· SRS beamforming based on DL channel and interference measurement
Conclusion
In this contribution, we have discussed distributed cooperative MIMO via DL interference probing and mitigation based on SRS enhancements in Rel-18 and showed significant performance gains for FTP traffic and XR traffic. We have suggested the following for NR Rel-17 MIMO work item scope:
Proposal 1: Support TDD distributed cooperative MIMO via DL interference probing and mitigation based on SRS enhancements in Rel-18.
Proposal 2: Include the following objective in Rel-18 MIMO item for TDD MIMO:
· SRS enhancements with dynamically indicated parameters associated with corresponding DL transmissions
· SRS transmissions with dynamically indicated PRB allocation and port allocation
· SRS trigger signal enhancement to include PRB allocation and port allocation
· SRS beamforming based on DL channel and interference measurement
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Appendix
[bookmark: _Ref11397766]Table 2: Simulation settings used in numerical evaluation.
	Items 
	Parameters

	Carrier
	3.5 GHz with 20 MHz bandwidth and 30 kHz SCS

	BS Deployment
	UMi, ISD = 200 m (with wraparound), 25 m antenna height 

	UE distribution
	10 per cell/sector, 80% indoor (3 km/h), 20% outdoor (30 km/h). 4 drops

	Channel
	3D UMi channel [3]

	Traffic statistics
	Non-full buffer, FTP 3 with 0.5 MB files

	Antenna configurations
	BS: (M, N, P, Mg,Ng; Mp, Np) = (8,8,2,1,1,4,8). (dH,dV) = (0.5, 0.8)λ (8 columns, 4 rows, cross polarization, totally 64 ports)
UE: 4T4R 2x1x2 (2 columns, 1 row, cross polarization, 4 ports), 0.5 λ

	UE power
	23 dBm

	BS power
	44 dBm

	Precoding granularity
	Subband (6 resource blocks, 72 tones)

	Channel/covariance estimation
	For scheduler: ideal serving cell channel information, ideal interference covariance estimation at the gNB
For UE demodulation: realistic channel/covariance estimation

	SRS periodicity
	Aperiodic SRS with SRS resource configured per 5 TTIs

	UE receiver noise figure
	9 dB

	Modulation 
	Up to 256QAM 

	UE receiver
	MMSE-IRC 
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