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1	Introduction
During the RAN1#90 meeting in August, CSI format design issues were discussed for Type I and Type II CSI [1] [2], and it was agreed that only single-slot reporting was supported for both short and long PUCCH, and Type I CSI supported single-slot reporting up to 2 parts in PUSCH, and Type II CSI was only applicable for PUSCH instead of short or long PUCCH [2], etc. Some FFS items still exist for Type II CSI reporting [1], such as single-slot or multi-slot reporting, 2 or 3 parts of the Type II CSI report, and partial Type II CSI reporting for SP-CSI [2], etc.
During the previous RAN1#89 meeting in May, the following have been agreed with respect to aperiodic CSI feedback on PUSCH [3]:
Agreements:
· RAN1 supports aperiodic CSI report on PUSCH, including two cases: 
· Case-1: CSI reports multiplexing with uplink data in PUSCH
· Case-2: CSI reports only in PUSCH (no uplink data)
This contribution mainly discusses feedback transmission issues of the Type II codebook on PUSCH, such as payload statistics, multi-slot CSI feedback and single-slot CSI feedback with 2 CSI parts for the Type II codebook.
2	PUSCH reporting for Type II codebook
2.1 Type II CSI payload statistic
NR Type II CSI feedback requires large reporting overhead to acquire enhanced spatial channel information. According to the agreed WF in [4], Type II CSI is a dual-stage codebook structure up to rank 2, W = W1 x W2. The first stage W1 consists of a set of L orthogonal beams selected from the predefined oversampled 2D DFT beams for a single polarization, and beam selection is realized in wideband (WB). The second stage W2 consists of 2L-1 beam combining coefficients for L selected beams and 2 polarizations in each layer. Generally, beam combining coefficients can be divided into phase combining and amplitude scaling quantization separately. Phase combining is configured for subband (SB) reporting, and amplitude scaling is configured to report WB amplitude with or without SB differential amplitude.
Generally, Type II CSI includes RI, PMI and CQI as in LTE. PMI feedback consists of WB beam selection, WB amplitude scaling and its strongest coefficient per layer, SB phase combining per layer and SB differential amplitude per layer (if configured). PMI payload size is variable depending on RI and the number of non-zero WB amplitude scaling coefficients (e.g.: N) per layer. For example, CSI payload size when RI = 1 is nearly half of the RI = 2 payload due to the reduction in the number of layers. When a WB amplitude out of 2L coefficients is quantized into zero for a layer, its SB phase combining coefficient and even SB differential amplitude scaling, if configured, have no need to be reported for the layer, and then feedback payload is saved correspondingly. Therefore, PMI payload is highly dependent on the number of non-zero WB amplitudes as well as RI.
Since the Type II codebook has only defined a maximum of 2 layers at present, one bit is enough for WB RI reporting. In NR, a single codeword is configured when RI is no more than 4, hence a single CQI is needed for the Type II codebook. If reusing the LTE spec as a starting point, WB CQI reporting in PUCCH includes a 4-bit CQI and SB CQI values are encoded differentially with respect to WB CQI using 2 bits.
In Table 1, the detailed payload statistics are listed for the Type II codebook including PMI and CQI feedback, assuming rank 1 transmission. Figure 1 gives the payload statistics in terms of the number of non-zero WB amplitudes N and number of beams L. Type II CSI has the following configuration assumptions according to [4]:
· (WB amplitude, SB amplitude, SB phase) are quantized and reported in (X, Y, Z) bits as follows:
· (N1, N2) = (4, 4), (O1, O2) = (4, 4)
· 
Beam selection is signaled using  bits.
· For WB+SB amplitude, assuming K=2L for convenience of calculation
· (X, Y, Z) = (3, 1, 3).
· The index of the strongest coefficient out of 2L coefficients is reported per layer in a WB manner.
· The number of non-zero WB amplitude is N for a layer.
Table 1: Example CSI payload calculations assuming rank 1 transmission
	L
	beam selection
	Strongest coefficient
	WB amp
	WB CQI
	Total WB payload
	SB amp
(1 SB)
	SB phase
(1 SB)
	SB CQI
(1 SB)
	Total payload
(WB + 10 SBs)

	2
	11
	2
	9
	4
	26
	N-1
	3*( N-1)
	2
	46 + 40*( N-1)

	3
	14
	3
	15
	4
	36
	N-1
	3*( N-1)
	2
	56 + 40*( N-1)

	4
	15
	3
	21
	4
	43
	N-1
	3*( N-1)
	2
	63 + 40*( N-1)
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Figure 1: CSI payload statistic assuming rank 1 transmission
According to Table 1 and Figure 1, the Type II codebook has a variable CSI payload size with increasing number of non-zero WB amplitudes, for example, 50~150 bits for L=2 beams, 50~250 bits for L=3 beams, and 50~350 bits for L=4 beams, assuming rank 1 transmission.
Observation 1:  Given the codebook configuration, Type II CSI feedback can be divided into fixed overhead (RI + wideband beam selection) and overhead which depends on the rank indicator (amplitude scaling and phase).
Observation 2:  If subband feedback for beams with zero wideband amplitude is not transmitted, then subband feedback overhead (subband differential amplitude, if configured, and subband phase) depends on wideband amplitude feedback or feedback of the number of non-zero wideband amplitudes in addition to the rank indicator.
2.2 Support of multi-slot CSI reporting for Type II codebook
Regarding PUSCH reporting, it is agreed [3] that RAN1 supports two kinds of aperiodic CSI reports on PUSCH, including CSI reports multiplexing with uplink data and CSI reports only without uplink data. If CSI reports are multiplexed with uplink data on PUSCH, the UE side can provide flexible resource coordination for CSI reporting and data transmission on PUSCH, therefore gNB has no need to know the exact CSI payload of the UE. For example, gNB allocates PUSCH resources to a UE according to the maximum CSI payload of the Type II codebook. The UE first transmits its practical CSI payload on PUSCH, and then further transmits its uplink data in the remaining PUSCH resources without resource wasting. In this case single-slot CSI reporting is enough for Type II CSI feedback, and it is discussed in Section 2.3.
On the other hand, if only CSI is reported on PUSCH without uplink data, the exact CSI payload should be notified to the gNB side in advance to avoid resource allocation wasting. How should variable size payload reporting for Type II CSI be supported on PUSCH? Multi-slot CSI reporting is a natural choice. Type II CSI components can be conveyed in two or three PUSCH reporting instances (or slots) to adapt to the flexible payload size, which avoids PUSCH resource wasting for single-slot reporting. Three alternatives are proposed for multi-slot Type II CSI reporting as follows.
Alt 1: Three parts of CSI, including RI, WB amplitude per layer and the remaining PMI/CQI components, are encoded separately and transmitted in three PUSCH reporting slots [5] [6].
Alt 2: Two CSI parts of Type II codebook are transmitted in two PUSCH reporting slots. The 1st CSI part includes RI and WB amplitude in two layers, and the 2nd CSI part includes the remaining PMI/CQI components [6] [7].
Alt 3: Two CSI parts of Type II codebook are transmitted in two PUSCH reporting slots. The 1st CSI part includes RI and the number of non-zero WB amplitude in two layers, and the 2nd CSI part consists of WB amplitude as well as the other PMI/CQI components. 
Let’s analyze and compare the above 3 alternatives of multi-slot CSI reporting in terms of payload size of the front PUSCH slots, error propagation probability, resource consumption and feedback delay, etc.
· Payload size of the front PUSCH slots
WB amplitude feedback consists of the strongest index out of 2L coefficients per layer and (2L–1) WB amplitude coefficients per layer, and it has a payload size of up to 48 bits according to Table 1. So the payload in the 2nd reporting slot is up to 48 bits for Alt 1, and the payload in the 1st reporting slot is up to 49 bits for Alt 2.



For Alt 3, the payload size in the 1st PUSCH slot is the sum of the bits for RI and for the number of non-zero WB amplitudes in both layers. Assume that L orthogonal beams are selected for the Type II codebook. There are 2L WB amplitude coefficients per layer, and then the number of non-zero WB amplitudes is signaled by using  bits for two layers. If RI = 1, the second half of the payload with  bits has no meaning and can be ignored by the gNB. For example, the payload in the 1st reporting slot is 5 bits when L=2, and 7 bits when L=3 or 4. Its payload size is no more than 7 bits because , and is far less than that of the front PUSCH slots for both Alt1 and Alt 2.
· Error propagation probability
After successfully decoding RI and WB amplitude coefficients or the number of non-zero WB amplitudes in the front PUSCH slots, the gNB can precisely calculate the payload of the remaining CSI components and detect the components correctly in the later slot, which brings about the issue of error propagation. To ensure the correct decoding in the front slots, RI and wideband amplitude coefficients or the number of non-zero WB amplitudes should be jointly encoded and sufficiently protected [6].
For example, since Alt1 and Alt 2 have a large payload size up to 48~49 bits in the front PUSCH slot, they consume many resources to achieve over protection of the large payload size. The maximum 7-bit payload is enough for Alt 3 in the 1st PUSCH reporting slot, and the low payload size can use low-rate encoding to acquire good protection capability for the 1st CSI part without consuming more resources, which in turn reduces error propagation probability for the 2nd part of the CSI in the 2nd PUSCH slot.
· Feedback delay
Alt 1 needs 3 PUSCH reporting slots to transmit all the CSI components, while Alt 2 and Alt 3 have only 2 slots, therefore Alt 1 has a larger feedback delay than the other alternatives.
According to the above analysis, the 3 alternatives for multi-slot CSI reporting are compared with each other in Table 2.
Table 2: Comparison of 3 alternatives for multi-slot CSI reporting
	
	Alt 1
	Alt 2
	Alt 3

	Payload size of the front slots
	Large
	Large
	Small

	Error propagation probability
	High
	High
	Low

	Resource consumption of the front slots
	Large
	Large
	Small

	Feedback delay
	Large
	Small
	Small


Observation 3:  Alt 3 for multi-slot CSI reporting has a smaller payload size and resource consumption in the front PUSCH reporting slot due to the low payload for reporting the number of non-zero WB amplitudes, and then can achieve lower error propagation probability for Type II CSI compared with the other two alternatives.
When comparing with Alt 2, Alt 3 specifically extracts the number of non-zero WB amplitudes from the WB amplitude feedback and introduces an additional feedback overhead of 4 or 6 bits. But it is worthwhile to do this. The number of non-zero WB amplitudes actually determines the real payload of the remaining WB/SB PMI/CQI components as shown in Figure 1, and WB amplitude feedback as in Alt 2 has the same role in multi-slot feedback at this point. Besides, WB amplitude feedback also guarantees the correct mapping from WB amplitude coefficients to the following SB differential amplitude and SB phase coefficients for each beam in each layer to construct high resolution CSI at the gNB side for the Type II codebook. So we’d better jointly encode WB amplitude coefficient with the remaining SB CSI components and report them in the 2nd slot in order to ensure timely CSI update and avoid mismatch errors for all the combining coefficients. Therefore, the number of non-zero WB amplitudes is necessarily reported in the 1st slot along with RI as defined in Alt 3. In addition, Alt 3 has a smaller payload size and resource consumption and lower error propagation probability than Alt 2 according to Observation 3.
It seems that multi-slot feedback may bring about CSI latency issues. Alt 3, however, can configure different reporting instances for the 1st CSI part and the 2nd CSI part in terms of semi-persistent CSI (SP-CSI) and aperiodic CSI (A-CSI) reporting. The 1st CSI part including RI and the number of non-zero WB amplitudes generally are long-term channel properties, and the gNB can configure long feedback periodicity in SP-CSI reporting mode for the 1st CSI part. Because the 2nd CSI part representing all the high-resolution CSI components in Type II codebook needs to be updated more frequently, the gNB can configure A-CSI reporting on PUSCH for the 2nd CSI part according to DCI triggering. The payload size of the 2nd CSI part is maintained the same during the feedback period of the 1st CSI part; therefore, the dependence of the two CSI parts is decreased and the latency issue naturally has little impact on multi-slot feedback.
Proposal 1: Adopt PUSCH reporting in two slots to adapt to flexible payload size and to avoid resource allocation wasting for the Type II codebook, especially when CSI reports only without uplink data on PUSCH.
· 1st reporting slot: RI + the number of non-zero wideband amplitudes in two layers in semi-persistent reporting mode.
· 2nd reporting slot: remaining wideband and subband PMI/CQI components in aperiodic reporting mode.
· Feedback content and resource allocation in the 2nd slot can be flexibly fit into PUSCH according to the front slot reporting for the Type II codebook.
2.3 Single-slot CSI reporting for Type II codebook
If CSI reports are multiplexed with uplink data on PUSCH, the UE side can provide flexible resource coordination for CSI reporting and data transmission on PUSCH, therefore single-slot CSI reporting is enough for variable size payload of Type II CSI feedback.
A CSI report is composed of 2 parts for the Type II codebook. The 1st CSI part includes RI and the number of non-zero WB amplitudes in two layers, and the 2nd CSI part consists of WB amplitude as well as the other PMI/CQI components. The gNB first receives the 1st CSI part from the UE side, including RI and the number of non-zero WB amplitudes. Since the 1st CSI part is very important to accurately detect feedback contents and resource allocations of the 2nd CSI part, the 1st CSI part is usually located close to the UL DM-RS zone and has a fixed feedback resource. After acquiring the 1st CSI part, the gNB can precisely calculate the payload size of the remaining CSI components in the 2nd CSI part and corresponding resource zone. After receiving all the CSI feedback, the gNB will detect uplink data transmission in the remaining resources allocated.
Proposal 2: Adopt PUSCH reporting in a single slot for the Type II codebook, when CSI reports are multiplexed with uplink data on PUSCH. A CSI report is composed of up to 2 parts:
· 1st CSI part: RI + the number of non-zero wideband amplitudes in two layers on PUSCH.
· 2nd CSI part: remaining wideband and subband PMI/CQI components on PUSCH.
· Feedback content and resource allocation in the 2nd CSI part can be flexibly fit into PUSCH according to the front CSI part for the Type II codebook.
2.4 Overhead reduction for WB amplitude feedback
We know that in Section 2.2, Alt 3 extracts the number of non-zero WB amplitudes from the WB amplitude feedback and introduces an additional feedback overhead of 2 or 3 bits per layer compared with Alt 2. In fact, WB amplitude feedback can be further optimized, leveraging the feedback of the number of non-zero WB amplitudes to reduce feedback overhead of the WB amplitude, which makes the total payload even lower than Alt 2. Naturally this enhanced feedback solution, called Alt 3.2, is suitable for both single-slot and multi-slot CSI reporting for the Type II codebook (both Type II single-panel codebook and Type II codebook for beamformed CSI-RS).
For example, WB amplitude feedback in the 2nd CSI part can be divided into three parts for Alt 3.2, such as indices of the N non-zero WB amplitude coefficients, the strongest index out of N non-zero coefficients, and (N-1) WB amplitude coefficients excluding the strongest one. Herein indices of the N non-zero WB amplitude coefficients are quantized jointly using  bits. The strongest index out of N non-zero coefficients is quantized as  bits. (N-1) WB amplitude coefficients are quantized as  bits assuming 3-bit WB amplitude quantization. Therefore, the total payload of WB amplitude feedback in Alt 3.2 is  bits for a layer considering the additional feedback overhead of the number of non-zero WB amplitudes,  bits.
Alt 3.1 refers to the traditional WB amplitude feedback for Alt 3, in which the strongest index out of 2L coefficients is quantized as  bits, and (2L–1) amplitude coefficients can be quantized as  bits. In addition, the number of non-zero WB amplitudes is quantized as  bits. Therefore, the total payload of WB amplitude feedback in Alt 3.1 is  bits for a layer.
Alt 2 has no additional feedback for non-zero WB amplitudes, so the total payload of WB amplitude feedback in Alt 2 is  bits for a layer.
The payloads of the three alternatives for WB amplitude feedback are calculated and compared with each other in Table 3 in terms of beam number L and the number of non-zero WB amplitudes N assuming rank 1 and 3-bit amplitude quantization. According to Table 3, Alt 3.2 of enhanced wideband amplitude feedback can achieve lower feedback payload in most cases than Alt 2.
Table 3: Payload comparison of WB amplitude feedback assuming rank 1 transmission
	N
	L = 4
	L = 3
	L = 2

	
	Alt 2
	Alt 3.1
	Alt 3.2
	Alt 2
	Alt 3.1
	Alt 3.2
	Alt 2
	Alt 3.1
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	13
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Proposal 3: Considering additional feedback of the number of non-zero wideband amplitudes (N), adopt enhanced wideband amplitude feedback with 3 parameters as follows to reduce its feedback overhead for the Type II codebook (both Type II single-panel codebook and Type II codebook for beamformed CSI-RS):
· 1st parameter: Joint encoding of the indices of the N non-zero coefficients
· 2nd parameter: The strongest index out of N non-zero coefficients
· 3rd parameter: (N-1) non-zero coefficients
3	Conclusions
[bookmark: OLE_LINK43][bookmark: OLE_LINK44][bookmark: OLE_LINK34][bookmark: OLE_LINK35]In this contribution, we have discussed feedback transmission issues of the Type II codebook on PUSCH, and the corresponding observations and proposals are summarized as follows:
Observation 1:  Given the codebook configuration, Type II CSI feedback can be divided into fixed overhead (RI + wideband beam selection) and overhead which depends on the rank indicator (amplitude scaling, and phase).
Observation 2:  If subband feedback for beams with zero wideband amplitude is not transmitted, then subband feedback overhead (subband differential amplitude, if configured, and subband phase) depends on wideband amplitude feedback or feedback of the number of non-zero wideband amplitudes in addition to the rank indicator.
Observation 3:  Alt 3 for multi-slot CSI reporting has a smaller payload size and resource consumption in the front PUSCH reporting slot due to the low payload for reporting the number of non-zero WB amplitudes, and then can achieve lower error propagation probability for Type II CSI compared with the other two alternatives.
Proposal 1: Adopt PUSCH reporting in two slots to adapt to flexible payload size and to avoid resource allocation wasting for the Type II codebook, especially when CSI reports only without uplink data on PUSCH.
· 1st reporting slot: RI + the number of non-zero wideband amplitudes in two layers in semi-persistent reporting mode.
· 2nd reporting slot: remaining wideband and subband PMI/CQI components in aperiodic reporting mode.
· Feedback content and resource allocation in the 2nd slot can be flexibly fit into PUSCH according to the front slot reporting for the Type II codebook.
Proposal 2: Adopt PUSCH reporting in a single slot for the Type II codebook, when CSI reports are multiplexed with uplink data on PUSCH. A CSI report is composed of up to 2 parts:
· 1st CSI part: RI + the number of non-zero wideband amplitudes in two layers on PUSCH.
· 2nd CSI part: remaining wideband and subband PMI/CQI components on PUSCH.
· Feedback content and resource allocation in the 2nd CSI part can be flexibly fit into PUSCH according to the front CSI part for the Type II codebook.
Proposal 3: Considering additional feedback of the number of non-zero wideband amplitudes (N), adopt enhanced wideband amplitude feedback with 3 parameters as follows to reduce its feedback overhead for the Type II codebook (both Type II single-panel codebook and Type II codebook for beamformed CSI-RS):
· 1st parameter: Joint encoding of the indices of the N non-zero coefficients
· 2nd parameter: The strongest index out of N non-zero coefficients
· 3rd parameter: (N-1) non-zero coefficients
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