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Introduction
During the RAN1#102-e meeting various agreements were reached on CSI enhancements for M-TRP and FR1 TDD reciprocity [1][2] (the numbering is our own):

	
Agreement 1
For EVM for FDD CSI enhancement in Rel-17, use following Alt 1 as the baseline and Alt 2 as the optional 
· Alt 1: Based on Section 5.3 of TR 36.897, to generate FDD DL and UL channels.
· Alt 2: Based on Section 7.6.5 of TR 38.901, to generate FDD DL and UL channels with following modifications:
· Different per-cluster shadowing is generated for DL and UL, and DL (or UL) angles are generated based on DL (or UL) cluster powers. Then UL (or DL) uses the same angles and its own cluster powers to generate the channel matrix.
· XPR is generated independently for DL and UL.

Agreement 2
For EVM for FDD CSI enhancement in Rel-17, using the following calibration error model 
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· 
 is the spatial UL channel at gNB side with calibration error
· 
 is the ideal spatial UL channel without calibration error
· E represents the mismatch of transmission and reception circuits of gNB
· ai is the amplitude error 
· i is the phase error
· N is the number of antennas at gNB side 
a. 
With amplitude error (expressed in decibel of ) and phase error are normal distribution with 0.7dB and 5 degrees standard deviation, respectively. Both amplitude/phase errors are assumed to be constant during a simulation drop at time, and constant either across whole simulation bandwidth or per 4 PRB at frequency. Companies shall report the assumption of error modelling at frequency.




In this contribution, we discuss various issues highlighted in the above agreements and further elaborate on our previous contribution [3]. We focus our discussions on CSI enhancements for FR1 FDD reciprocity and leave M-TRP issues for further contributions.
Discussion of EVM for FDD FR1 reciprocity
Channel reciprocity modeling
In agreement 1 above, two methods for modeling UL-DL reciprocity of FDD FR1 systems are proposed. The main features of these two methods are summarized in Table 1. Step numbering refers to [4], Figure 7.5-1.
[bookmark: _Ref54298001]Table 1. Summary of main differences between Alt. 1 and Alt. 2 methods.
	
	Feature
	Alt. 1
	Alt. 2

	Step 3
	Pathloss.
	Re-computed for UL and DL.
	Re-computed for UL and DL.

	Step 4
	Delay spread (DS) angular spreads (ASD, ASA, ZSA, ZSD).
	Common to UL and DL.
	Re-computed for UL and DL (see [4], Table 7.5-6).

	Step 6
	Per-cluster shadow fading and cluster powers.
	Common to UL and DL.
	Generated independently for UL and DL.

	Step 7
	Cluster ray arrival and departure directions .
	Common to UL and DL.
	Common to UL and DL, based on DL or UL per-cluster powers.

	Step 8
	Random coupling of rays.
	Common to UL and DL.
	Generated independently for UL and DL.

	Step 9
	Cross-polarization ratios (XPRs) .
	Common to UL and DL.
	Generated independently for UL and DL.

	Step 10
	Rays’ random phases 
	Generated independently for UL and DL.
	Generated independently for UL and DL.

	Step 11
	Channel matrix coefficient, including array and Doppler phases.
	Re-computed for UL and DL.
	Re-computed for UL and DL.



A quick examination of Table 1 shows that Alt. 2 introduces more differences in the channel coefficient procedure, compared to Alt. 1. Hence, the assumption of channel reciprocity between the UL and the DL is expected to hold to a lesser degree if channels are generated using Alt. 2. 

Observation 1: The proposed Alt. 2 introduces more differences in the channel coefficient procedure of UL and DL, compared to Alt. 1.

Both methods have pros and cons. For example, while one could argue that Alt. 2 provides a more realistic modeling of the channels belonging to different bands, we find the generation on per-cluster shadow fading independently in the UL and the DL, proposed by Alt. 2 for step 6, unmotivated. To our knowledge, the frequency dependence of the per-cluster shadow fading is not usually supported by channel models in use, and one might ask to which extend it models real-life propagation channels in general. Similar objections can be raised for the random coupling of rays (step 9), the generation of cross-polarization coefficients (step 10), and the generation of initial random phases (step 11) proposed by Alt. 2. Introducing unmotivated features creates a risk that system optimizations are made for corner cases.

Alt. 1 deviates less from the standard channel coefficient generation procedure found, e.g., in [4], and is therefore more straightforward to implement. However, the relatively smaller amount of differences considered between the UL and DL channels might render Alt. 1 overly optimistic. In particular, valid concerns were raised by some companies during the RAN1#102-e meeting [5] regarding the fact that intra-cluster delay spread is only applied to the strongest clusters. Hence, variations in the frequency domain of beamformed channels are, for many CSI-RS beams measured by the UE, non-existent. Note that this criticism also applies to Alt. 2. Based on the above discussion, we make the following proposal.

Proposal 1: Companies are encouraged to study whether enhanced modeling of intra-cluster delay spread is needed and, if so, how to model it.

Modeling of calibration errors
Another open issue that will be discussed during RAN1#103-e is the modeling of calibration errors at the gNB side. The current suggestion considers an amplitude and phase distortion , , of each of  transceiver chains of the gNB. The term models the mismatch between the transmit and receive circuits of the gNB and may be frequency dependent and time varying. In our view, it is important to the objectives of this AI to accurately model the magnitude of the amplitude and phase errors as well as their frequency variation. Appropriate values of  and  are best known to network equipment vendors.

Proposal 2: BS manufacturers should confirm whether the standard deviation values proposed for the amplitude and phase calibration errors, i.e., 0.7 dB and 5 degrees, are realistic. BS manufacturers are also encouraged to report on the frequency-dependency of the amplitude and, mainly, phase errors in realistic deployments. 
Discussion of enhancements to Type II Port Selection Codebook
Mutual knowledge of beam-suppression
We note that enhancement of gNB aided UE based beam-suppression can be beneficial to enhance the performance of type II PS codebook, as well as to reduce power consumption at the UE. Below, we provide two examples to illustrate the benefits of such shared knowledge. 

Example 1. It is a common assumption of multi-user MIMO that a UE with multiple receive chains will attempt to mitigate interference from co-scheduled transmissions to other UEs, i.e., multi-user interference, e.g., by suppressing signals arriving through the  CSI-RS beams not selected by the UE. Suppression of undesired CSI-RS beams can be accomplished by standard receiver techniques, such as MMSE interference rejection combining (IRC), which work by striking a balance between interference suppression and reception of desired signal. Typically, the UE acquires the CSI required by MMSE-IRC from pilot signals transmitted on CSI-RS antenna ports allocated for type II PS codebook. In practice, however, a UE does not need to apply beam-suppression to all of the  non-selected beams, but only to those CSI-RS beams on which the gNB has actually co-scheduled transmissions to other UEs. By directing beam-suppression toward a reduced set of CSI-RS beams, rather than toward all the remaining  beams, more of the intended signal can be received by the UE. Moreover, since the UE is now targeting a potentially small set of beams, the UE may deactivate some of its antennas (and corresponding receive chains), thereby enabling power saving.

Observation 2: By directing beam-suppression toward a reduced set of CSI-RS beams, rather than toward all the remaining  beams, more of the intended signal can be received by the UE.
Observation 3: If the UE may target a potentially smaller set of beams to suppress, the UE may deactivate some of its receive chains, thereby enabling power saving.


Example 2. There are limitations to how many beams that can be efficiently suppressed by a UE. This, in turn, depends on the number of active receive-chains. It also influence the amount of resources (e.g., beams, power consumption) that the UE needs to spend on beam suppression. An indication from the gNB to the UE on which beams to suppress can simplify gNB beam allocation.

Observation 4: Mutual knowledge of UE beam-suppression can simplify gNB beam allocation.

It is worth noting that the signaling proposed in the examples is likely to consume less resources than other mechanisms that, in principle, could also be used to aid beam-suppression, such as the allocation of dedicated NZP CSI-RS resources for interference measurement. Measurements of interference would need to be done periodically. By contrast, the indications need only be sent, e.g., when there is a change in the CSI-RS beams scheduled for actual transmissions.

Proposal 3: Companies should study the feasibility of signaling to the UEs the set of CSI-RS beams actually used for co-scheduled transmissions. An indication from the UE to the gNB of those beams suppressed by the UE should also be studied.

Non-reciprocal covariance matrices
[bookmark: _Hlk510094111]In FDD systems, even if reciprocity of angles and delays between the UL and the DL holds, the covariance matrices of receiver noise at the BS and the UE need not be reciprocal. In particular, if the covariance matrix of UE receiver noise is not known to the BS, the beamformed CSI-RSs selected by the BS may be significantly sub-optimal, thereby resulting in unnecessarily low realized spectral efficiencies. This is illustrated in Figure 1. The DL of UE 1 in cell 1 is interfered by gNB 2, in a neighboring cell. gNB 1 is, however, unaware of this. If SRS transmissions are used to assist the DL codebook selection of UE1, the selected codeword will not take inter-cell interference into account and might therefore be highly sub-optimal. 

Observation 5: In FDD FR1 systems, gNBs in neighboring cells can interfere the DL of a UE in the serving cell. This leads to non-reciprocal covariance matrices of noise in the UL and in the DL, which undermines the benefits of the DL/UL channel reciprocity assumption.
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[bookmark: _Ref54324893]Figure 1. In an FDD system, gNB 2 in a neighboring cell may interfere with the DL of UE 1. This inter-cell interference is unknown to gNB 1. Therefore, sub-optimal beam selection may result if gNB 1 performs SRS-assisted DL beam selection.

In order to overcome this problem, we propose that the UE signals to the BS the covariance matrix of receiver noise, based on measurements of noise and interference at the UE. (Although measurements of interference in the DL can be scheduled (CSI-IM), such measurements typically focused on interference power and neglect the covariance of receiver noise and interference.)

Proposal 4: In TDD and FDD FR1 systems exploiting DL/UL channel reciprocity, the UE can signal to the BS the DL covariance matrix of noise and interference. The ways of transferring this information from the UEs to the BS need to be further studied and specified.
Discussion of other related topics
Other CSI enhancements for under poor channel reciprocity
For FDD sub 6 GHz not only the DL beam management is challenging. For massive MIMO in FDD bands the beam selection is based on DL SSBs broadcasted in a beam sweep. For each SSB there is an associated RACH resource (in general an associated UL beam). As the SSBs are used for both initial access and UE beam re-selection it is of importance that the UL and DL beams are aligned (i.e. gNB beam correspondence). If digital beamforming is used, RACH messages can be used to ensure that the optimal UL beam is identified at the gNB. However, for gNBs with analog beamforming addressing the best UL beam based on SSBs may be problematic. This is illustrated in Figure 2. The channel of a beam with strong receive power in the DL band, and hence with an SSB that can be detected by the UE with high probability, may fade away in the UL band. RACH messages sent by the UE on the associated UL beam may not be heard by the gNB. Conversely, beams with weak receive power in the DL band may display a large signal strength in the UL band. Therefore, possible enhancement on designing the DL reference signal to improve both DL and UL code book selection when the reciprocity is poor can be further studied. 

Observation 6: The FDD system can suffer from the impaired UL and DL codebook selection when the channel reciprocity is poor.
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[bookmark: _Ref47370949]Figure 2. Frequency-varying channels for various DL beams.
One possible enhancement on CSI to improve the codebook selection when the channel reciprocity cannot be hold is given here: One alternative that can be investigated is to introduce DL CSI-RS in the UL band. This would enable the UE to estimate the optimal UL beam and, in general, the level of reciprocity. 

Proposal 5: Possible enhancements of CSI to improve the UL and DL code book selection when channel reciprocity is poor can be investigated and studied. 
Conclusions
In this contribution, the following observations have been made:

Observation 1: The proposed Alt. 2 introduces more differences in the channel coefficient procedure of UL and DL, compared to Alt. 1.

Observation 2: By directing beam-suppression toward a reduced set of CSI-RS beams, rather than toward all the remaining  beams, more of the intended signal can be received by the UE.

Observation 3: If the UE may target a potentially smaller set of beams to suppress, the UE may deactivate some of its receive chains, thereby enabling power saving.

Observation 4: Mutual knowledge of UE beam-suppression can simplify gNB beam allocation.


Observation 5: In FDD FR1 systems, gNBs in neighboring cells can interfere the DL of a UE in the serving cell. This leads to non-reciprocal covariance matrices of noise in the UL and in the DL, which undermines the benefits of the DL/UL channel reciprocity assumption.

Observation 6: The FDD system can suffer from the impaired UL and DL codebook selection when the channel reciprocity is poor.


We have also made the following proposals:

Proposal 1: Companies are encouraged to study whether enhanced modeling of intra-cluster delay spread is needed and, if so, how to model it.

Proposal 2: BS manufacturers should confirm whether the standard deviation values proposed for the amplitude and phase calibration errors, i.e., 0.7 dB and 5 degrees, are realistic. BS manufacturers are also encouraged to report on the frequency-dependency of the amplitude and, mainly, phase errors in realistic deployments. 

Proposal 3: Companies should study the feasibility of signaling to the UEs the set of CSI-RS beams actually used for co-scheduled transmissions. An indication from the UE to the gNB of those beams suppressed by the UE should also be studied.

Proposal 4: In TDD and FDD FR1 systems exploiting DL/UL channel reciprocity, the UE can signal to the BS the DL covariance matrix of noise and interference. The ways of transferring this information from the UEs to the BS need to be further studied and specified.

Proposal 5: Possible enhancements of CSI to improve the UL and DL code book selection when channel reciprocity is poor can be investigated and studied. 
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