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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
RAN1#94bis agreed to study SL support for unicast, groupcast, and broadcast communications including the following aspects [1]:
Agreements:
· In the context of sidelink CSI, RAN1 to study further which of the following information is useful in sidelink operation when it is available at the transmitter.
· Information representing the channel between the transmitter and receiver
· Information representing the interference at receiver
· Examples for this information are
· CQI, PMI, RI, RSRP, RSRQ, pathgain/pathloss, SRI, CRI, interference condition, vehicle motion
· FFS including
· Such information can be acquired using reciprocity or feedback
· Time scale of the information
· Which information is useful in which operation and scenario
This paper discusses the motivation to adopt CSI feedback in NR V2X sidelink and the corresponding measurement quantities to be included in the CSI feedback.
CSI feedback purposes and contents
In NR V2X use cases such as cooperative driving and vehicle platooning, ultra-high reliability is required for performing unicast or groupcast communications. In both cases, each group member is expected to receive the data reliably for proper group operation and management. For other use cases such as high-resolution map downloading, throughput is the critical issue. In order to fulfill the QoS requirement for those cases, NR V2X should use CSI feedback for supporting advanced technologies such as AMC, closed-loop MIMO, and power control. To investigate the CSI feedback in sidelink, the mechanism of NR Uu should be the baseline, and both periodic and aperiodic feedback should be evaluated. The delivery of the CSI information can be either through PSSCH or multiplexed with HARQ-ACK feedback in PSFCH [2]. With the help of CSI reports, the uncertainty of the channel can be mitigated, and higher order modulations and coding schemes will be enabled. 
Note that channel reciprocity can sometimes be used to obtain some of the channel information. However, channel reciprocity has several drawbacks:
· It is only applicable for TDD systems
· It requires calibration
· Even for TDD systems, it is imperfect: for instance, it does not capture the level of interference at the receiver, thus cannot be used for performing AMC.
Consequently, channel reciprocity alone is not enough, and CSI feedback is needed.
Proposal 1: SL-CSI reporting is supported in NR-V2X.
Measurement quantities reported in CSI feedback
The measurement quantities to be reported in CSI feedback depends on various applications. Generally speaking, we consider similar quantities as defined on Uu, i.e.  CQI, PMI, RI, RSRP/RSRQ, SRI, CRI and also others that are relevant to the vehicular system in particular, such as interference condition and vehicle motion.
CSI feedback for AMC
Vehicles moving in an urban area experience a changing environment and the blockage caused by building or other vehicles is unpredictable. In such conditions, a fixed MCS will not work well. For example, when vehicles are close to each other and the channel is good, high order MCS is adopted to achieve high throughput, and when vehicles are distant and the channel is poor, low order MCS is used to ensure the coverage. MCS adaptation needs CQI to allow the transmitting UE or gNB to respond to the change of channel state and ensure stable QoS. Therefore the CQI should be reported.
Proposal 2: CSI feedback contains information for performing AMC, i.e. CQI.

CSI feedback for closed loop MIMO
In MIMO, CSI feedback helps to choose a proper pre-coding matrix such that the benefit brought by the diversity of the channel can be exploited. In FR2, the vehicle may be equipped with up to 64 antennas such that MIMO techniques should be adopted. However, open-loop MIMO in this scenario does not perform well. The MIMO parameters, such as the pre-coding matrix and the number of streams multiplexed on same resource need to be selected based on the CSI feedback. Therefore, supporting PMI and RI in CSI feedback will allow the performance to be significantly improved. A comparison between closed and open-loop MIMO is shown in section 4. 
Proposal 3: CSI feedback contains information for performing closed-loop MIMO, i.e. PMI and RI.

Beam management and others
Beamforming techniques are supported to ensure improved coverage. Therefore, RS based beam management scheme should be studied. In beam sweeping transmissions, the destination vehicle will receive a series of signals coming in different resources and beams. Upon receiving the signals, the destination UE will send feedback to the source UE to allow it to select good resources. Therefore the beam alignment/training can be achieved based on the CSI feedback. To enable both SL and SL-assisted Uu link beam management, CSI report should include beam based measurement e.g. CRI, SRI, RSRP/RSRQ. Furthermore, interference condition at the receiver may also be reported to refine the beam selection in order to avoid the cross link interference. These measurements may take the form of CSI-IM-like measurements. 
Proposal 4: CSI feedback contains information for beam management, i.e. RSRP, CRI/SRI.

CSI feedback for closed loop power control
Open loop power control for sidelink is adopted in LTE V2X and LTE D2D. Based on [3], the sidelink transmit power is limited by the smaller of the maximum transmission power and the uplink transmit power associated with downlink path loss. However, for cases such as unicast between platooning members at the cell edge, the destination UE is located very close to the source UE. If the LTE V2X power control rule is followed, the sidelink transmit power could be larger than is necessary. In this case, the transmitter can apply closed-loop power control to reduce the interference over sidelink. In closed-loop power control, the transmit power is also bounded by a maximum value, and the adjustment is based on the feedback of the condition of the receiving signals. RSRP can be the input parameter of the power control decision scheme, e.g., in case RSRP is less than a threshold, the Tx UE will increase its power, and vice versa. The system performance in terms of energy efficiency will be improved via power control. Therefore a new power control scheme based on CSI feedback should be studied.
Proposal 5: CSI feedback contains information for power control, i.e. RSRP.

Vehicle motion
The vehicular channel exhibits high variability in both time and frequency [5] with up to 4× increase in Doppler due to the dual mobility. Conventional CQI feedback techniques cannot meet the high reliability and high throughput requirements of advanced V2X use cases [7] under such channel conditions. Due to the high reliability requirement, adaptation of DMRS density in time and frequency resources and inter-carrier scheduling across carriers that use different numerologies, are needed quite often. This requires more explicit reporting of channel parameters such as Doppler and delay spread estimates as part of information corresponding to vehicle motion, as agreed in RAN1#94b.
Proposal 6: CSI feedback contains information relating to the vehicular channel condition for channel adaption, i.e. Doppler spread, delay spread. 

CSI feedback procedure
In NR sidelink mode-1 operation, gNB schedules the resources for sidelink operation. The feedback resource can be allocated in an SPS manner or on demand. Two options are analyzed. In option 1, after the source UE receives the feedback information, it will forward the feedback information to the gNB as shown in Figure 1 (a). It is noted that the source UE may reuse the NR PUCCH or PUSCH and NR UE procedure for reporting control information to some extent. Option 2 defines a direct destination UE to gNB feedback channel as shown in Figure 1 (b). There are many challenges for option 2 design, including defining the resource associations between source UE transmission and CSI feedback transmission to gNB, what the source UE will do when no feedback is received, and different feedback procedure design for NR sidelink mode-1 and mode-2.
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[bookmark: _Ref524100188]Figure 1 Feedback channel for HARQ-ACK and CSI reporting in NR SL mode-1 operation
It is better to forward the sidelink CSI information from the source UE to gNB such that the gNB can use the CSI to decide the number of allocated PRBs. The MCS to use on the sidelink can be decided either by the gNB or the source UE. When the gNB sets up the MCS, CSI is also needed for the gNB to perform AMC. Therefore, to avoid the complications of transferring sidelink feedback from the destination UE over Uu link(s), it is preferable to forward feedback information from the source UE to the gNB. 
Proposal 7: For NR sidelink mode-1 operation, forwarding of SL CSI feedback information from source UE to gNB is considered.
CSI feedback periodicity
[bookmark: _GoBack]For unicast and groupcast, closed-loop MIMO can be used with more antennas deployed especially in FR2 to explore transmission diversity and multiplexing. PMI and RI reporting can facilitate selection of precoding matrix and the number of streams multiplexed on the same resources. Beamforming can improve coverage and should be supported over sidelink[4].
In figure 2 we provide the evaluation on closed-loop and open-loop MIMO (see appendix for simulation results). The antenna configuration is 4T4R, and the number of data streams is two. It is observed that across the range of speeds considered, there is throughput gain thanks to closed-loop operation. It is larger when the speed (or relative speed) is lower due to slower channel dynamics, and such cases are relevant in V2X either considering pedestrian V2X UEs, or considering low relative speeds between UEs on e.g. the same side of the road.
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Figure 2 The comparison between open-loop and closed-loop MIMO for 4T4R.
Observation 1: With PMI feedback, closed-loop MIMO achieves better throughput than the open-loop MIMO with multiple streams, especially when UE speed, or relative speed, is lower. 

In figure 3, the comparison of different PMI feedback periodicities is shown. The throughput shown in the figures considers the overhead brought by CSI-RS and feedback messages. The red solid curve is instantaneous PMI feedback as the benchmark. The other four curves are with the PMI feedback period of 1 ms, 5 ms, 10 ms, and 20 ms, respectively. It is observed that the performance of 5 ms periodicity achieves, in this scenario, the best tradeoff between overhead and channel variation tracking. The performance of 1ms period is slightly lower, due to the overhead of frequent RS and feedback transmitting. Longer periodicities have reducing throughput, but may be appropriate when the system resources are heavily loaded, and these results illustrate a familiar trade-off in configuration of feedback periodicity. In all cases, the closed loop results are still lower-bounded by the open-loop results. 

Observation 2: PMI feedback improves throughput compared to open-loop MIMO, according to a tradeoff between feedback overhead and tracking of channel variations. Optimization of the gain requires setting the periodicity properly.

[image: ]
Figure 3 The closed-loop performance with different feedback periodicities 
Other CSI feedback, such as RSRP/RSRQ and CRI/SRI are utilized by the beam management. The RSRP/RSRQ is required to be updated periodically to track available beams to avoid beam failure. The periodicity should be configurable to cope with different scenarios. Further, considering the beam based cross link interference avoidance, the interference condition is another candidate to be reported. The report of interference information could be triggered when the interference at the receiver is above a threshold. The feedback of RSRP/RSRQ is also utilized by closed-loop power control. Both power control and AMC aim to improve the SNR at receiver. Higher transmit power is usually preferred while maintaining the MCS to maximize the throughput. The report of vehicle motion is used for numerology and DMRS pattern adaption. As the velocity of the vehicle usually changes smoothly, this information can be reported less frequently. The vehicle motion information can be updated with longer periods or be triggered by a particular threshold of velocity change. The content of CSI feedback contains both short term parameters, e.g. CQI, PMI, and long term parameters, e.g. RSRP, therefore the CSI feedback periodicity should be configurable for different measurement quantities. 
Proposal 8: The CSI feedback periodicity is configurable, and can depend on the contents of the feedback report.
Conclusions
In the following, we highlight our key proposal related to the support of unicast, groupcast and broadcast for advanced NR V2X service.
Observation 1: With PMI feedback, closed-loop MIMO achieves better throughput than the open-loop MIMO with multiple streams, especially when UE speed, or relative speed, is lower. 
Observation 2: PMI feedback improves throughput compared to open-loop MIMO, according to a tradeoff between feedback overhead and tracking of channel variations. Optimization of the gain requires setting the periodicity properly.
Proposal 1: SL-CSI reporting is supported in NR-V2X.
Proposal 2: CSI feedback contains information for performing AMC, i.e. CQI.
Proposal 3: CSI feedback contains information for performing closed-loop MIMO, i.e. PMI and RI.
Proposal 4: CSI feedback contains information for beam management, i.e. RSRP, CRI/SRI.
Proposal 5: CSI feedback contains information for power control, i.e. RSRP.
Proposal 6: CSI feedback contains information relating to the vehicular channel condition for channel adaption, i.e. Doppler spread, delay spread. 
Proposal 7: For NR sidelink mode-1 operation, forwarding of SL CSI feedback information from source UE to gNB is considered.
Proposal 8: The CSI feedback periodicity is configurable, and can depend on the contents of the feedback report.
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Table 1 Link level simulation assumptions
	Parameter
	Value

	Carrier frequency
	6 GHz

	Bandwidth
	10 RB

	Channel 
	Urban-NLOS

	MCS
	AMC

	Waveform
	CP-OFDM

	Subcarrier Spacing
	60 kHz

	Symbol number
	13

	Symbol reserved for CSI feedback
	1

	CSI-RS density
	1 RE per PRB

	CP length
	Normal CP

	Frequency synchronization error
	Not modeled

	DMRS configuration
	DMRS symbol position <#1, #6, #11>

	Number of antennas
	4T4R

	Antenna array configuration
(M, N, P, Mg, Ng)
	Tx: (1 2, 2, 1, 1)Rx: (1, 2, 2, 1, 1)

	Transmission diversity scheme
	MIMO, 2 streams

	UE receiver algorithm
	MMSE

	Speed
	3 km/h, 250 km/h, 500 km/h

	Feedback period
	1/5/10/20 ms
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