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1	Introduction
Based on the discussion and agreements reached in RAN1#116bis [2], in this contribution we address the issues identified in the table below for the Type-Iextension for up to 128 ports, and the UE-assisted CJT calibration for nonideal backhaul and synchronisation:
	 
	Issue
	Topic

	1
	Type-I/II 
	Type-I SP RI=5-8

	2
	
	Type-I SP UCI design: Alt1 vs Alt2

	3
	
	Type-I SP UCI omission

	4
	
	Type-I SP/Type-II OCPU and ARC

	5
	
	Whether to support Type-I MP

	6
	CRI-based
	UCI design 

	7
	
	CBSR 

	8
	
	UCI omission

	9
	
	Timeline, OCPU and ARC

	10
	CJT calibration 
	Down-selection of candidate values of dynamic range (D/d, FO)

	11
	
	Whether to support Σ>1 for PO report

	12
	
	QCL/linkage assumption for PO report

	13
	
	Whether to support other joint reporting schemes (D/d+P, FO+PO, D/d+FO+PO) 

	14
	
	Timeline, OCPU and ARC




[bookmark: _Ref54348033]2	Type-I/Type-II refinements for up to 128 ports
2.1	Type-I Codebook extension
In RAN1#116bis, it was agreed to support the following two schemes for Type-I codebook refinement for up to 128 ports and for ranks 1 to 4:
Agreement(RAN1#116bis)
For the Rel-19 Type-I single-panel (SP) codebook refinement for 48, 64, and 128 CSI-RS ports, for RI=1-4, support the following:
· Scheme-A (based on Scheme1 in RAN1#116 agreement): Adding new (N1, N2) values for the Rel-15 Type-I single-panel codebook mode-1 (L=1) where 2N1N2 (>32) is the total number of CSI-RS ports across aggregated NZP CSI-RS resources, and for rank-3/4, follow legacy mechanisms for <16 ports
· Scheme-B (based on Scheme2 in RAN1#116 agreement): Adding new (N1, N2) values where 2N1N2 (>32) is the total number of CSI-RS ports across aggregated NZP CSI-RS resources, and
· W1 structure: 
· For each layer, reuse legacy Rel-16 eType-II SD basis with L=1 to determine the DFT-based SD basis candidates
· For 1<RI≤4, L=1 SD basis vector is independently selected for different layers
· The SD basis selection indication includes layer-common (q1,q2) and  bits for each layer
· Note: This implies that each of the SD basis vectors is selected from a group of N1N2 orthogonal basis vectors
· W2 structure: Layer-specific inter-polarization co-phasing with the alphabet {+1, +j, -1, -j}
For higher ranks 5 to 8, the following candidate schemes were identified:
Agreement(RAN1#116bis)
For the Rel-19 Type-I SP codebook refinement for 48, 64, and 128 CSI-RS ports with RI=5-8, decide, by RAN1#117, from the following schemes:
· Scheme1: adding new (N1, N2) values for the Rel-15 Type-I RI=5-8
· Scheme2: 
· W1 structure: Independent selection of different ceil(v/2) SD basis vectors for RI = v, where each SD basis vector is applied to two respective layers except that, if v is odd, the last SD basis vector is applied to the orphan layer. Each of the SD basis vectors is freely selected from a group of N1N2 orthogonal SD DFT basis vectors via combinatorial indication 
· FFS: mapping between v layers and ceil(v/2) SD basis vectors
· FFS: support of 4 selected SD basis vectors for RI=5-6
· W2 structure:
· For inter-polarization co-phasing, M (e.g., M = 4) codepoints for the orphan layer and M/2 codepoints for two layers sharing a same SD basis vector;
· A fixed π rotation of inter-polarization co-phasing between two layers sharing a same SD basis vector to achieve layer orthogonality.
· Scheme3: the 1st beam is freely selected and subsequent 2 beams (RI=5-6) or 3 beams (RI=7-8) are freely selected such that they are orthogonal in at least one dimension (horizontal or vertical). Layers are mapped to the selected SD basis vectors following legacy Rel-15 for RI=5-8. One co-phasing across all layers ∈{1,j} following legacy Rel-15 Type-I RI=5-8
· Scheme4: concatenate two independently calculated RI=1-4 PMIs for RI=5-8 to reduce UE complexity where each PMI is calculated from the agreed RI=1-4 codebook (Scheme-A or Scheme-B) and the CQI for each of the two CWs is derived assuming it is received by one antenna group of 4 antenna ports (FFS: Whether additional mapping between the two PMIs and the two UE antenna groups is needed)
· Other schemes are not precluded

Scheme 1 is a simple extension of the legacy scheme for ranks 5 to 8, by introducing the new port layout parameters ,  for 48, 64 and 128 ports.
·  structure. Only the anchor SD basis is freely selected in the 2D DFT grid, whereas the subsequent 2 beams for rank 5-6 and 3 beams for rank 7-8 have a fixed offset relative to the anchor beam. This fixed offset is limited to one or two oversampling factors, ,  and is very restrictive particularly for higher rank and larger number of ports where the beam width is smaller. Besides, in legacy Rel15, and for Scheme 1 for  ports, there are some port layouts where the choice of the first beam is restricted in half of the grid, for rank 7 and 8.
·  structure. Only one co-phasing value ∈{1,j} is reported for all layers and the co-phasing rules follow Rel15 for ranks 5-8, i.e., the co-phasing is applied only to a first group of layers (first 2 layers for rank 5, first 4 layers for rank 6, first 3 layers for rank 7, first 4 layers for rank 8), which are the layers mapped to the first codeword according to the layer-to-codeword mapping. The only exception is for rank 6 where the first codeword is transported by the first 3 layers, but the co-phasing is also applied to the 4th layer because it is transmitted on the same SD basis as layer 3.

Observation 1. [bookmark: _Ref166271177]In Scheme 1 only the anchor SD basis is freely selected, except for some layouts with  ports, whereas the remaining SD bases have a fixed offset with respect to the anchor SD basis. This is even more restrictive than for Scheme-A for ranks 1-4 where the second beam is selected by the UE within a restricted set. Fixing the SD bases except the first is detrimental for performance when supporting ranks 5-8 with larger arrays having smaller beamwidth.
Observation 2. [bookmark: _Ref166271225]Scheme 1 inherits from legacy Rel15 a restriction, which does not seem to have any justification, on the choice of anchor SD basis for some layouts with  ports, where the first beam is restricted in half of the grid, for rank 7 and 8. This further hinders performance of rank 7 and 8 for extended arrays.
Scheme 3 essentially follows legacy Rel-15 Type-I RI=5-8, except for the extended candidate beam set for SD basis selection.
· W1 structure.
· The first beam is freely selected from the N1*O1*N2*O2 grid, in all cases.
· Besides the first anchor SD basis, additional 2 beams are selected for ranks 5-6 and additional 3 beams are selected for ranks 7-8, so there are 3 unique beams for ranks 5-6 and 4 unique beams for ranks 7-8 in total. These beams are mutually orthogonal in at least one dimension
· The beam-to-layer mapping follows legacy Rel15 for ranks 5-8. So, for example, for rank 7, the second beam is mapped to layer 3 only, which is the “orphan” layer.
· W2 structure. It follows legacy Rel-15 Type-I RI=5-8.
Observation 3. [bookmark: _Ref166271276]Scheme 3 addresses the problem of the fixed SD basis selection of Scheme 1 by extending the candidate set to beams that are orthogonal in at least one dimension.
Scheme 2
· W1 structure.
· Independent selection of different ceil(/2) SD basis vectors for RI = , from a group of  orthogonal SD DFT basis vectors via combinatorial indication 
· W2 structure:
· For inter-polarization co-phasing, M = 4 codepoints for the orphan layer and M/2 codepoints for two layers sharing a same SD basis vector, with a fixed rotation of  for inter-polarization co-phasing between two layers sharing a same SD basis vector to achieve inter-layer orthogonality.
Extensive simulation results are reported in Sec. 2.1.1.
Proposal 1. [bookmark: _Ref166271446]For Type-I extension to up to 128 ports and ranks 5-8, support Scheme 3 as extension of Scheme-A for ranks 1-4.
Regarding the UCI design for Scheme-B for Type-I extension for ranks 1-4, two alternatives were identified for the reporting of the SD basis vectors and for the inter-polarisation co-phasing:
	SD basis vector selection indicator for each layer
	Alt1: Part 1
Alt2: Part 2 

Wideband
	v=1-4: 
· Alt1:  bit indicator per layer l=1, …, RIMAX
· Alt2:  bit indicator per layer l=1, …, v
v=5-8: FFS
	Pending

	Inter-pol co-phase selection indicator for each layer
	Part 2

Wideband or Subband (**)
	v=1-4: 
· Alt1: QPSK with orthogonality constraints across v layers
· Alt2: QPSK: 2-bit indicator per layer l=1,…,v
v=5-8: FFS
	Pending



For the SD basis reporting:
· Alt 1: SD basis indicator in CSI Part 1 indicating  beams
· Alt 2: SD basis indicator in CSI Part 2 indicating  beams
For inter-polarisation co-phasing
· Alt 1: introduce orthogonality constraints in the co-phasing coefficients
· Alt 2: 2-bit indication per layer without orthogonality constraints
Our preference for SD basis reporting is to follow legacy behaviour and report the SD bases in Part 2 CSI. For the co-phasing, we already agreed the following W2 structure for Scheme-B: layer-specific inter-polarization co-phasing with the alphabet {+1, +j, -1, -j}, which is not consistent with imposing orthogonality constraints.
Proposal 2. [bookmark: _Ref166271511]Regarding the UCI design for Scheme-B for ranks 1-4, on the SD basis reporting support Alt 2, and on the co-phasing reporting, support Alt 2.


2.1.1	Simulation results
Table 1 to Table 4 compares cell-average and cell-edge UPT gain of scheme 2 and 3 relative to the baseline scheme 1, for ranks 5-8, respectively, for 64ports and layout (8x4), for RU=30%,50%,70%.
Table 5 to Table 8 compares cell-average and cell-edge UPT gain of scheme 2 and 3 relative to the baseline scheme 1, for ranks 5-8, respectively, for 64ports and layout (16x2), for RU=30%,50%,70%.
Table 9 to Table 12 compares cell-average and cell-edge UPT gain of scheme 2 and 3 relative to the baseline scheme 1, for ranks 5-8, respectively, for 128ports and layout (8x8), for RU=30%,50%,70%.
Figure 1 compares the tradeoff between UPT gain and feedback overhead for cell-average and cell-edge UEs with scheme 2 and 3 relative to the baseline scheme 1, for ranks 5-8, for 64ports and layout (8x4), for RU=30%.
Figure 2 compares the tradeoff between UPT gain and feedback overhead for cell-average and cell-edge UEs with scheme 2 and 3 relative to the baseline scheme 1, for ranks 5-8, for 64ports and layout (12x2), for RU=30%.
Figure 3 compares the tradeoff between UPT gain and feedback overhead for cell-average and cell-edge UEs with scheme 2 and 3 relative to the baseline scheme 1, for ranks 5-8, for 128ports and layout (8x8), for RU=30%.
The simulation assumptions are given in the table in Appendix A and conclusions are summarised below.
Observation 4. [bookmark: _Ref166271296]For Type-1 extension to larger number of ports, spending additional feedback bits to extend the candidate orthogonal beam set for SD basis selection provides better throughput gain than using the bits to increase the inter-polarisation co-phasing granularity. This is because layers are transmitted on a single beam and lay ger transmit arrays have narrower DFT beams.
Observation 5. [bookmark: _Ref166271312]Scheme 3 outperforms Scheme 1 in throughput, by about 167% to 423% depending on number of antenna ports (64 or 128), port layout (8x4), (12x2) or (8x8), RU (30%,50%,70%), reported rank (5 to 8) and cell-average or cell-edge UEs.
Observation 6. [bookmark: _Ref166271328]Scheme 3 has higher feedback overhead than Scheme 1, by between 15bits and 22bits for 64 ports and by between 17bits and 25bits 128ports, depending on reported rank.
Observation 7. [bookmark: _Ref166271342]Scheme 3 outperforms Scheme 2 in throughput, by up to 243%, for ranks 5,6 and 8, depending on number of antenna ports (64 or 128), port layout (8x4), (12x2) or (8x8), RU (30%,50%,70%), and cell-average or cell-edge UEs.
Observation 8. [bookmark: _Ref166271358]Lower throughput of Scheme 3 than Scheme 2 is observed for rank 7, because in the legacy Rel15 layer-to-beam mapping, the orphan beam is mapped to beam 2, instead of, which is typically the second strongest beam, instead of weaker beam 4.
Observation 9. [bookmark: _Ref166271423]Scheme 3 has lower feedback overhead than Scheme 2, by between 21bits and 45bits for 64 ports and 128ports, depending on reported rank.

[bookmark: _Ref166268163]Table 1
	
	64 ports (8x4)

	
	Rank 5

	
	30% RU
	50%RU
	70%RU

	
	Mean
UPT gain
	Cell-edge
UPT gain
	Mean
UPT gain
	Cell-edge
UPT gain
	Mean
UPT gain
	Cell-edge
UPT gain

	Scheme 1
	100%
	100%
	100%
	100%
	100%
	100%

	Scheme 2
	175.15%
	188.32%
	193.97%
	268.13%
	197.27%
	182.39%

	Scheme 3
	190.69%
	204.65%
	215.41%
	306.59%
	220.31%
	208.54%




Table 2
	
	64 ports (8x4)

	
	Rank 6

	
	30% RU
	50%RU
	70%RU

	
	Mean
UPT gain
	Cell-edge
UPT gain
	Mean
UPT gain
	Cell-edge
UPT gain
	Mean
UPT gain
	Cell-edge
UPT gain

	Scheme 1
	100%
	100%
	100%
	100%
	100%
	100%

	Scheme 2
	177.98%
	186.84%
	179.71%
	199.02%
	177.33%
	146.39%

	Scheme 3
	194.36%
	207.16%
	202.02%
	239.54%
	200.05%
	162.92%




Table 3
	
	64 ports (8x4)

	
	Rank 7

	
	30% RU
	50%RU
	70%RU

	
	Mean
UPT gain
	Cell-edge
UPT gain
	Mean
UPT gain
	Cell-edge
UPT gain
	Mean
UPT gain
	Cell-edge
UPT gain

	Scheme 1
	100%
	100%
	100%
	100%
	100%
	100%

	Scheme 2
	194.77%
	217.04%
	196.75%
	188.89%
	
	

	Scheme 3
	174.05%
	200.08%
	174.79%
	166.67%
	
	




[bookmark: _Ref166268166]Table 4
	
	64 ports (8x4)

	
	Rank 8

	
	30% RU
	50%RU
	70%RU

	
	Mean
UPT gain
	Cell-edge
UPT gain
	Mean
UPT gain
	Cell-edge
UPT gain
	Mean
UPT gain
	Cell-edge
UPT gain

	Scheme 1
	100%
	100%
	100%
	100%
	100%
	100%

	Scheme 2
	159.22%
	174.49%
	161.72%
	158.64%
	
	

	Scheme 3
	169.62%
	196.15%
	176.54%
	169.98%
	
	



[bookmark: _Ref166268257]Table 5
	
	64 ports (16x2)

	
	Rank 5

	
	30% RU
	50%RU
	70%RU

	
	Mean
UPT gain
	Cell-edge
UPT gain
	Mean
UPT gain
	Cell-edge
UPT gain
	Mean
UPT gain
	Cell-edge
UPT gain

	Scheme 1
	100%
	100%
	100%
	100%
	100%
	100%

	Scheme 2
	190.13%
	203.88%
	206.30%
	260.26%
	
	

	Scheme 3
	206.30%
	224.40%
	218.80%
	269.04%
	
	




[bookmark: _Ref166268329]Table 6
	
	64 ports (16x2)

	
	Rank 6

	
	30% RU
	50%RU
	70%RU

	
	Mean
UPT gain
	Cell-edge
UPT gain
	Mean
UPT gain
	Cell-edge
UPT gain
	Mean
UPT gain
	Cell-edge
UPT gain

	Scheme 1
	100%
	100%
	100%
	100%
	100%
	100%

	Scheme 2
	207.92%
	219.28%
	213.67%
	233.64%
	
	

	Scheme 3
	215.95%
	226.46%
	229.51%
	241.35%
	
	




Table 7
	
	64 ports (16x2)

	
	Rank 7

	
	30% RU
	50%RU
	70%RU

	
	Mean
UPT gain
	Cell-edge
UPT gain
	Mean
UPT gain
	Cell-edge
UPT gain
	Mean
UPT gain
	Cell-edge
UPT gain

	Scheme 1
	100%
	100%
	100%
	100%
	100%
	100%

	Scheme 2
	295.87%
	330.24%
	
	
	
	

	Scheme 3
	267.76%
	286.95%
	
	
	
	




[bookmark: _Ref166268262]Table 8
	
	64 ports (16x2)

	
	Rank 8

	
	30% RU
	50%RU
	70%RU

	
	Mean
UPT gain
	Cell-edge
UPT gain
	Mean
UPT gain
	Cell-edge
UPT gain
	Mean
UPT gain
	Cell-edge
UPT gain

	Scheme 1
	100%
	100%
	100%
	100%
	100%
	100%

	Scheme 2
	276.29%
	281.51%
	
	
	
	

	Scheme 3
	281.28%
	284.10%
	
	
	
	





[bookmark: _Ref166268338]Table 9
	
	128 ports (8x8)

	
	Rank 5

	
	30% RU
	50%RU
	70%RU

	
	Mean
UPT gain
	Cell-edge
UPT gain
	Mean
UPT gain
	Cell-edge
UPT gain
	Mean
UPT gain
	Cell-edge
UPT gain

	Scheme 1
	100%
	100%
	100%
	100%
	100%
	100%

	Scheme 2
	185.59%
	195.86%
	
	
	
	

	Scheme 3
	199.20%
	214.13%
	243.47%
	423.48%
	
	




Table 10
	
	128 ports (8x8)

	
	Rank 6

	
	30% RU
	50%RU
	70%RU

	
	Mean
UPT gain
	Cell-edge
UPT gain
	Mean
UPT gain
	Cell-edge
UPT gain
	Mean
UPT gain
	Cell-edge
UPT gain

	Scheme 1
	100%
	100%
	100%
	100%
	100%
	100%

	Scheme 2
	199.67%
	208.86%
	
	
	
	

	Scheme 3
	215.40%
	228.93%
	232.71%
	352.65%
	
	




Table 11
	
	128 ports (8x8)

	
	Rank 7

	
	30% RU
	50%RU
	70%RU

	
	Mean
UPT gain
	Cell-edge
UPT gain
	Mean
UPT gain
	Cell-edge
UPT gain
	Mean
UPT gain
	Cell-edge
UPT gain

	Scheme 1
	100%
	100%
	100%
	100%
	100%
	100%

	Scheme 2
	214.90%
	239.14%
	
	
	
	

	Scheme 3
	194.12%
	209.43%
	
	
	
	




[bookmark: _Ref166268404]Table 12
	
	128 ports (8x8)

	
	Rank 8

	
	30% RU
	50%RU
	70%RU

	
	Mean
UPT gain
	Cell-edge
UPT gain
	Mean
UPT gain
	Cell-edge
UPT gain
	Mean
UPT gain
	Cell-edge
UPT gain

	Scheme 1
	100%
	100%
	100%
	100%
	100%
	100%

	Scheme 2
	182.74%
	204.36%
	
	
	
	

	Scheme 3
	193.11%
	216.40%
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[bookmark: _Ref166268482]Figure 1. Throughput vs overhead comparison between Scheme 1,2 and 3 for ranks 5-8, with 64 ports and layout (8x4).
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[bookmark: _Ref166268585]Figure 2. Throughput vs overhead comparison between Scheme 1,2 and 3 for ranks 5-8, with 64 ports and layout (16x2).
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[bookmark: _Ref166268618]Figure 3. Throughput vs overhead comparison between Scheme 1,2 and 3 for ranks 5-8, with 128 ports and layout (8x8).

[bookmark: _Ref158982004]3	UE-assisted CJT calibration for nonideal synchronisation and backhaul

3.1	Inter-TRP frequency offset
One open issue identified in RAN1#116bis is whether to introduce an RSRP or other type of condition in relation to the definition of “invalid” state.
Agreement(RAN1#116bis)
For the Rel-19 aperiodic standalone CJT calibration reporting, an ‘invalid’ quantization state/hypothesis is supported for frequency offset and phase offset CJT calibration reporting
· Note: already supported as ‘out-of-range’ for the (Dn,offset, dn) reporting
· FFS (RAN1#117): The need for a condition/event for ‘invalid’ to be specified as a UE procedure e.g. RSRP-based

Because the quantisation range of the reported calibration measurements is nonnegative and a UE selects and reports the reference TRP, this is naturally selected as the TRP with the lowest delay/frequency/phase measurement. However, without a condition to determine if a TRP state is invalid, the reference TRP may provide an unreliable measurement. To ensure that all the non-invalid reported calibration measurements are reliable regardless of UE implementation choices, and that the reference resource/resource set, which is not reported, has good enough signal quality, the gNB should configure a condition, such as an RSRP threshold, , relative to the largest RSRP amongst the  configured resource/resource set. A UE then  reports the relative calibration measurement of a CSI-RS resource/resource set, , as “invalid” if the RSRP of CSI-RS resource/resource set  is lower than  dBs relative to the maximum of the  measured RSRPs, . Similarly, a UE would select as reference TRP the TRP with the lowest measurements amongst those with RSRP between the maximum and the configured threshold.
Observation 10. [bookmark: _Ref166271584]Introducing an RRC condition for a TRP to be invalid ensures that a UE selects a non-invalid reference TRP and that all the reported measurements have been measured from TRPs with a good enough signal quality.
Proposal 3. [bookmark: _Ref166272230]Regarding the introduction of a condition for ‘invalid’ to be specified as a UE procedure, support RRC configuration of a condition to determine when a TRP is invalid, in terms of RSRP threshold relative to the largest RSRP amongst the  configured resource/resource set.
Figure 4 illustrates an example of inter-TRP frequency offset (FO) reporting with invalid state reporting and RSRP threshold configuration. In the example,  CSI-RS resources/resource sets are configured for measurement and reporting of frequency offset differences between  resources/resource sets and a reference resource/resource set. The top part of the figure illustrates the configured quantisation range for the frequency offset differences [0, ] and the measured values of FOs for the 4 CSI-RS resources/resource sets. The middle part of the figure illustrates the measured RSRP values and the configured RSRP threshold . The CSI-RS resources/resource sets 3 and 4 are reported as invalid because their RSRP is smaller than  dB, where . The selected reference resource/resource set is the one with lowest FO amongst the resources/resource sets within the range [], i.e., resource/resource set 1. Therefore, the FO offset difference between resource/resource set 2 and the reference is reported, after quantisation as . The bottom part of the figure illustrates the quantisation values reported for the  CSI-RS resources/resource sets other than the reference.
[image: ]
[bookmark: _Ref166270583]Figure 4. Illustration of “invalid state” for FO measurement defined in RRC by an RSRP threshold condition.

3.1.1	Simulation results
Figure 5 depicts the mean UE throughput performance without RSRP threshold for the invalid state. As shown, with CFO compensation the performance gap is almost eliminated and there is no loss at all. 
Figure 6 shows the average UPT gain of configuring an RSRP threshold of 9dB as condition for the invalid state.
Observation 11. [bookmark: _Ref166271601]Configuring an RSRP threshold of 8dB as condition for the invalid state for FO reporting shows average UPT gain of around 130% over not configuring an RSP threshold.
[image: A graph with numbers and lines]
[bookmark: _Ref166269246]Figure 5. Normalized mean cell UPT without RSRP condition on the invalid state.

[image: A graph with a line and a chart with numbers]
[bookmark: _Ref166269317]Figure 6. Mean cell UPT gain when an RSRP threshold of 9dB is configured as a condition for invalid state.

3.2	Inter-TRP UL/DL rx-tx phase offset
Figure 7 illustrates a model for tx-rx phase offsets at the TRPs and UE in a TDD system, where it is assumed each TRP performs self-calibration of the antenna array separately for UL reception and DL transmission. The phase offsets at TRP  are indicated by  and  for transmission and reception, respectively and they are assumed the same for all tx and rx antenna ports of that TRP. The phase offsets at the UE are indicated by  and  for transmission and reception, respectively, from antenna port . We assume that no phase calibration is performed by the UE on the transmit or receive antennas. The DL channel from TRP  to UE antenna , for a generic subcarrier, is denoted by the row vector, , where  is the number of antennas for each TRP. The corresponding UL channel is denoted by the column vector , and under perfect UL-DL channel reciprocity, . In the model, we assume that  is the UL transmitted EPRE from UE tx antenna  and that  is the transmitted EPRE from TRP .
Let us assume  are the beamforming weights of choice, calculated by the gNB from SRS received by TRP , and corresponding, for example, to the strongest beam from TRP  to the UE. The gNB measures the phase difference between the signals received by TRP  and the reference TRP, and transmitted by SRS port , , for example,
	
	(1)



The gNB then sends a CSI-RS resource/resource set beamformed by the same weights from each of the configured TRPs: for example a one-port TRS resource set from each TRP, or a single CSI-RS resource set with  resources, or a single CSI-RS resource set with a single resource having  ports, where each resource or port corresponds to a signal transmitted from a TRP. The UE measures and reports the phase difference between the CSI-RS signals transmitted by TRP  and the reference TRP, and received by antenna , 
	
	(2)


Under the assumption of UL-DL channel reciprocity, and if the SRS port  measured by the gNB corresponds to the UE antenna port  used for UE measurement, the gNB can calculate the phase offset  from the difference between the two measurements,  and , i.e., 
	
	[bookmark: _Ref534994984][bookmark: _Ref534994990](3)


Therefore, a phase offset measurement reported by the UE needs to be measured from a single antenna port and the gNB needs to know which UE antenna port the reported measurement corresponds to. Note that multiple measurements taken by different UE antenna ports may be reported by a UE for each reported TRP.
Observation 12. [bookmark: _Ref163162253][bookmark: _Ref163841595]For phase offset measurements performed on non-MRT precoded reference signals, the gNB needs to know which UE antenna port a reported measurement corresponds to, such that the channel phase component can be removed.
The same UE antenna port can be used to measure the phase offset for all configured TRPs with respect to a reference TRP.  Furthermore, for a UE with multiple antenna ports, it may be advantageous to leverage measurements from each UE antenna port, thereby providing additional estimates of the same phase offsets for the configured TRPs, which can improve the accuracy of the phase offset estimation.  The intention is to provide a solution to the problem of managing the use of multiple UE antennas when performing UE-assisted cross-TRP calibration.
[image: ]
[bookmark: _Ref161753300]Figure 7. Tx-rx phase offsets at the TRPs and UE for CJT in a TDD system.

Proposal 4. [bookmark: _Ref166272244]For phase offset reporting in TDD operation, support UE selection and indication of the SRS port(s) corresponding to the reported measurement(s).

3.2.1	Simulation results
Figure 8 depicts normalized mean UE throughput performance with and without PO reporting. Performance with realistic UL channel estimation is slightly worse that performance with ideal UL channel knowledge. 
[image: A graph with different colored bars

Description automatically generated]
[bookmark: _Ref166143254]Figure 8. Normalized mean spectral efficiency performance with and without UL/DL calibration error, ISD=200m

In Figure 8, 2 out of 4 antennas at UE side are sounded and the same antennas are used to estimate the phase difference between the CSI-RS signals transmitted by TRP  and the reference TRP, and received by antenna ,  as shown above. In Figure 9, only 1 SRS antenna port is sounded in UL and all receive antennas are used to compute . We can see how the mismatch between the SRS ports used to compute  and the receive antennas used to compute , has impacted the performance greatly as shown in Figure 9, where we can see about 60% loss.

[image: A graph with different colored squares

Description automatically generated]
[bookmark: _Ref166143365]Figure 9. Normalized (with respect to Figure 8) mean UPT loss when a mismatch occurs between DL receive antennas and SRS antenna ports, ISD=200m

Observation 13. [bookmark: _Ref166272210]For phase offset reporting in TDD operation, not reporting the UE selection of SRS port(s) corresponding to the reported measurement(s) incurs a mean UPT loss of around 60%.

[bookmark: _Ref158884043]4	Conclusion
Hereafter is a summary of observations and proposals for Type-I extension for up to 128 ports
Observation 1	In Scheme 1 only the anchor SD basis is freely selected, except for some layouts with  ports, whereas the remaining SD bases have a fixed offset with respect to the anchor SD basis. This is even more restrictive than for Scheme-A for ranks 1-4 where the second beam is selected by the UE within a restricted set. Fixing the SD bases except the first is detrimental for performance when supporting ranks 5-8 with larger arrays having smaller beamwidth.
Observation 2	Scheme 1 inherits from legacy Rel15 a restriction, which does not seem to have any justification, on the choice of anchor SD basis for some layouts with  ports, where the first beam is restricted in half of the grid, for rank 7 and 8. This further hinders performance of rank 7 and 8 for extended arrays.
Observation 3	Scheme 3 addresses the problem of the fixed SD basis selection of Scheme 1 by extending the candidate set to beams that are orthogonal in at least one dimension.
Observation 4	For Type-1 extension to larger number of ports, spending additional feedback bits to extend the candidate orthogonal beam set for SD basis selection provides better throughput gain than using the bits to increase the inter-polarisation co-phasing granularity. This is because layers are transmitted on a single beam and lay ger transmit arrays have narrower DFT beams.
Observation 5	Scheme 3 outperforms Scheme 1 in throughput, by about 167% to 423% depending on number of antenna ports (64 or 128), port layout (8x4), (12x2) or (8x8), RU (30%,50%,70%), reported rank (5 to 8) and cell-average or cell-edge UEs.
Observation 6	Scheme 3 has higher feedback overhead than Scheme 1, by between 15bits and 22bits for 64 ports and by between 17bits and 25bits 128ports, depending on reported rank.
Observation 7	Scheme 3 outperforms Scheme 2 in throughput, by up to 243%, for ranks 5,6 and 8, depending on number of antenna ports (64 or 128), port layout (8x4), (12x2) or (8x8), RU (30%,50%,70%), and cell-average or cell-edge UEs.
Observation 8	Lower throughput of Scheme 3 than Scheme 2 is observed for rank 7, because in the legacy Rel15 layer-to-beam mapping, the orphan beam is mapped to beam 2, instead of, which is typically the second strongest beam, instead of weaker beam 4.
Observation 9	Scheme 3 has lower feedback overhead than Scheme 2, by between 21bits and 45bits for 64 ports and 128ports, depending on reported rank.


Proposal 1	For Type-I extension to up to 128 ports and ranks 5-8, support Scheme 3 as extension of Scheme-A for ranks 1-4.
Proposal 2	Regarding the UCI design for Scheme-B for ranks 1-4, on the SD basis reporting support Alt 2, and on the co-phasing reporting, support Alt 2.

Hereafter is a summary of observations and proposals for UE-assisted CJT calibration for nonideal synchronisation and backhaul
Observation 10	Introducing an RRC condition for a TRP to be invalid ensures that a UE selects a non-invalid reference TRP and that all the reported measurements have been measured from TRPs with a good enough signal quality.
Observation 11	Configuring an RSRP threshold of 8dB as condition for the invalid state for FO reporting shows average UPT gain of around 130% over not configuring an RSP threshold.
Observation 12	For phase offset measurements performed on non-MRT precoded reference signals, the gNB needs to know which UE antenna port a reported measurement corresponds to, such that the channel phase component can be removed.
Observation 13	For phase offset reporting in TDD operation, not reporting the UE selection of SRS port(s) corresponding to the reported measurement(s) incurs a mean UPT loss of around 60%.


Proposal 3	Regarding the introduction of a condition for ‘invalid’ to be specified as a UE procedure, support RRC configuration of a condition to determine when a TRP is invalid, in terms of RSRP threshold relative to the largest RSRP amongst the  configured resource/resource set.
Proposal 4	For phase offset reporting in TDD operation, support UE selection and indication of the SRS port(s) corresponding to the reported measurement(s).
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Appendix A	SLS assumptions for CSI extension >32 ports
	Parameter
	Value

	Duplex, Waveform 
	FDD

	Scenario
	Dense Urban


	Frequency Range
	4GHz.

	Inter-BS distance
	200m 

	Antenna setup and port layouts at gNB
	· 32 ports: (M,N,P,Mg,Ng,Mp,Np) =(8,8,2,1,1,2,8), (dH,dV) = (0.5, 0.8)λ 
· 64 ports: (M,N,P,Mg,Ng,Mp,Np) =(8,8,2,1,1,4,8), (dH,dV) = (0.5, 0.8)λ
                 (M,N,P,Mg,Ng,Mp,Np) =(8,16,2,1,1,2,16), (dH,dV) = (0.5, 0.8)λ
· 128 ports: (M,N,P,Mg,Ng,Mp,Np) =(8,8,2,1,1,8,8), (dH,dV) = (0.5, 0.8)λ


	Antenna setup and port layouts at UE
	4RX: (1,2,2,1,1,1,2), (dH,dV) = (0.5, 0.5)λ for rank > 2


	BS Tx power 
	41 dBm

	BS antenna height 
	25m 

	SCS/Number of RBs/Simulation bandwidth
	15kHz/52/10MHz

	MIMO scheme
	SU-MIMO, max rank 8


	Traffic model
	FTP model 1 with packet size 2 Mbytes

	Traffic load (Resource utilization)
	30%,50%,70%

	UE distribution
	80% indoor (3km/h), 20% outdoor (30km/h) 

	Feedback assumption
	Realistic

	Channel estimation
	Realistic





Appendix B	SLS assumptions for CJT
	Parameter
	Value

	Scenario
	Inter-site, outdoor 2A

	Inter-site distances
	500 m, 200 m

	Carrier frequencies
	2 GHz

	Channel type
	DU

	SCS/ Number of RBs/ simulation bandwidth
	15kHz/ 52/ 10MHz

	BS Transmit Power
	Macro: 41 dBm

	BS Height
	Macro: 25m

	BS Antenna Configuration
	16 ports: (M,N,P,Mg,Ng,Mp,Np) = (8,4,2,1,1,2,4)

	UE Distribution
	20% outdoor (30kmph) , 80% indoor (3kmph)

	UE Antenna Configuration
	4 Rx: (1,2,2,1,1,1,2), (dH,dV) = (0.5, 0.5)λ 

	Receiver
	Non-ideal 4RX MMSE

	CJT scheduling set size
	9 TRPs

	CodebookMode 
	Mode 2

	Number of TRPs in CJT CSI reporting ()
	Up to 4 TRPs, gNB configured

	paramComb-CJT-L
	{4,4,4,4}

	Feedback assumptions
	CSI feedback periodicity (full CSI feedback): 5ms,
Scheduling delay (from CSI feedback to PDSCH transmission): 4ms

	Traffic model
	FTP model 1 with packet size 0.5 Mbytes

	Modulation 
	Up to 256 QAM

	Carrier Frequency Offset (CFO) model
	i.i.d and uniformly distributed for all TRPs in ( with  corresponding to an error of 0.05 ppm

	Relative CFO quantisation 
	4 bits

	Time offset (TO) model
	 
 i.i.d and uniformly distributed for all TRPs in (
ISI modelled

	Relative time offset quantisation
	B=2,3 bits 
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