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1. Introduction
In RAN1#89, the following agreement is achieved on Type I and Type II CSI [1].
Agreement:
· Slides 4 to 24 in R1-1709232 are agreed
· For slide 20, FFS whether or not support frequency-dependent parameterization and if so, the details
· FFS whether or not to further enhance analog beamforming related operations especially for >1 layers
The following agreement is achieved on physical channels used for Type I and Type II CSI report in RAN1 NR Ad Hoc meeting #2 [2].
Agreements:
· Type I CSI feedback is supported for P/SP/A-CSI and can be carried on either one of PUCCH and PUSCH
· Type I subband CSI can be carried on either one of PUSCH and long PUCCH
· Type II CSI is carried at least on PUSCH
· FFS CSI on PUCCH
In this contribution, we discuss some design aspects on Type I and Type II CSI report on PUCCH.
2. Physical channels for Type I and Type II report
In last RAN1 Ad Hoc meeting, several aspects were discussed for physical channels carrying Type I and Type II CSI. 
Type I CSI is quite similar with LTE Rel-13 codebook. 2D-DFT codebook are parameterized with port layout, oversampling factor, number of SB beams and so on. The overhead of Type I CSI can be as large as a few tens of bits, which is also similar with LTE Rel-13 codebook. Type II CSI uses linear combinations of 2D-DFT beams as codebook. SB coefficient with phases and amplitudes cause large overhead for PMI. CSI overhead for Type II can be as large as a few hundreds of bits. For Type I report, it’s straight-forward that both PUCCH and PUSCH can be used. Then the issue is whether container size of PUCCH is large enough for Type II. It depends on the final design of PUCCH. NR supports two types of PUCCH formats, i.e., long PUCCH and short PUCCH. For short PUCCH, only 1 or 2 symbols are allocated to PUCCH, whereas more than 2 symbols can be allocated to long PUCCH. In fact, in the discussion of PUCCH design, the following agreement is used for container size assumption.
· For further discussion of PUCCH in short-duration, UCI payload of 1 – at least a few tens of bits (or SR) is assumed.
· For further discussion of PUCCH in long-duration, UCI payload of 1 – at least a few hundreds of bits (or SR) is assumed.
Hence it can be deduced that the container of long PUCCH can be potentially large enough at least for WB Type II CSI. With Type II CSI components reported in PUCCH, high-resolution CSI can be acquired to maintain high-quality link without triggering signaling. 
To be more specific, several candidates can be identified for Type II PUCCH report. The first one is that a full WB Type II CSI is reported in PUCCH. This approach is used for LTE Rel-14 advanced CSI. In this scheme, besides WB relative power, WB phase information is also reported in PUCCH. Another approach is that partial WB Type II CSI is reported in PUCCH. For example, WB relative power is reported in PUCCH, and SB phase is reported in PUSCH. In this approach, gNB can WB information to maintain the link with a relative high quality, whereas SB phase can be triggered to enhance performance. Compared with the first approach, the benefit of WB phase needs to be studied as this parameter is omitted in the second approach.
Proposal 1: At least WB Type II CSI is supported on NR PUCCH.
3. CSI encoding and resource mapping on PUCCH
For determining CSI encoding and resource mapping schemes on PUCCH, different aspects including CSI overhead, latency and flexibility need to be considered.
3.1 CSI overhead
One issue on CSI encoding scheme is whether all parameters are jointly encoded or some of the parameters need to be encoded separately. It impacts CSI overhead. Type I codebook supports rank 1-8, and Type II codebook supports rank 1-2. Table I summarizes PMI overhead for different ranks in Type I and Type II codebooks. In Table I, we assume 10 SBs, L=4 and 32 port with (4,4,4,4). For Type II, WB+SB differential amplitude and SB phase are assumed. It can be observed in Table I that for both Type I and Type II, payload sizes of PMI for different ranks are quite different. Especially for Type II, difference between PMI overhead of rank 1 and rank 2 can be as large as 264 bits. 
Table I  PMI overhead for different ranks
	
	RI
	WB(bit)
	Per SB(bit)
	Total(bit)

	Type I 
	1
	8
	4
	48

	
	2
	9
	3
	39

	
	3~4
	9
	1
	19

	
	5~6
	8
	1
	18

	
	7~8
	8
	1
	18

	Type II
	1
	39
	24
	279

	
	2
	63
	48
	543


Observation 1: For both NR Type I and Type II codebooks, payload size of PMI depends on RI values.
3.2 CSI latency
One key issue of CSI resource mapping is that different CSI parameters should be mapped into one slot or multiple slots. It impacts CSI latency. CSI feedback latency has a significant impact on UE performance to do beamforming. CSI latency impacts the throughput performance since shorter CSI latency gives the gNB better information on the real-time channel as well as a larger beamforming gain. In Table II, the simulation results for different CQI delay levels are shown based on the Type II feedback. In this simulation, Type II codebook with L=6 with SB amplitude reporting is assumed. Moreover, PUCCH 1-1 is used. Periodicity of RI is 10 ms, whereas periodicity of PMI/CQI is 5ms. Slot offset of CQI reporting depends on the value of CQI_delay. We assume no dropping rules are applied. Other simulation parameters are given in Appendix.
Table II Simulation results for different CQI delay values
	Type II, SU/MU adaptation with maximum 2 layers, 3D-Umi scenario, 16Tx

	CQI_Delay (ms)
	RU
	Mean
	5%

	2
	0.42
	32.48(0%)
	12.50(0%)

	4
	0.42
	32.20(-0.9%)
	12.23(-2.3%)

	6
	0.43
	31.78(-2.2%)
	11.79(-6.0%)

	8
	0.43
	31.63(-2.5%)
	11.34(-9.8%)

	10
	0.44
	31.27(-3.8%)
	10.88(-13.7%)


It can be observed in Table II that different CQI delay values impacts system performance, especially cell-edge performance. If RI/PMI/CQI are reported in three report instances with 5ms gap between each two adjacent instances, which is typical LTE case, CQI delay can be as large as 10 ms. In this case, significant system performance degradation can be observed. On the other hand, RI/PMI/CQI transmitted in one slot, adjacent 2 slots or 2 slots with one slot gap barely reduces performance.
Observation 2: CSI latency has non-negligible impact on system performance. Especially, cell-edge performance can be impacted significantly.
Proposal 2: For NR PUCCH CSI reporting, support a CSI reporting containing RI/PMI/CQI in one slot, adjacent 2 slots or 2 slots with one slot gap.
3.3 Potential design for CSI encoding and resource mapping on PUCCH
In the above subsections, we analyze and evaluate CSI overhead and latency for PUCCH reporting. In LTE Rel-13, CSI report in PUCCH 1-1 is divided into 3 report instances. RI and PMI are reported in different subframes. The time gap between RI and W1 can be several subframes. Network can assign resources used for PMI based on detection of RI report. This mechanism can facilitate efficient resource utilization to adjust PMI payload size based on RI value. However, large CSI latency is introduced as at least 3 instances are needed to acquire an entire CSI report. Moreover, if multiple report instances are used, extra design effort needs to be paid for defining dropping rules. To address above issues, design of NR PUCCH CSI report should trade off CSI latency and resource utilization considering different PMI payload size for different RI values.
In terms of CSI latency reduction, the best solution is to support entire CSI reporting with RI/PMI/CQI in one slot. However, CSI overhead depends highly on RI value. The exact CSI overhead is known by UE after RI calculation. gNB can not predict the exact overhead of CSI in advance. Hence gNB needs to allocate enough PUCCH resource for CSI reporting based on the largest potential resource consumption. For example, if Type II is configured, gNB allocates PUCCH resources assuming that RI=2. Then resource utilization efficiency can be quite low if real RI is 1. 
One potential solution is to define relationship between RI value and number of used resources in PUCCH. UE decides the number of used resources for CSI reporting in configured PUCCH resources based on RI calculation. gNB would know number of used resources based on detection of RI and the defined relationship. One example is shown in Fig. 1. In this example, long-duration PUCCH containing 6 OFDM symbols to transmit Type II CSI is depicted. The first symbol carries RI. The remaining symbols are potentially used for PMI/CQI transmission. The RI value determines number of used resources. For example, if RI=1, three symbols are used for PMI/CQI transmission. Two symbols are saved. Otherwise all the remaining five symbols are used for PMI/CQI transmission. gNB can know the number of used symbols upon detecting RI.


Fig. 1 CSI report on long-duration PUCCH
The saved resource can be used for PUSCH if PUSCH and PUCCH can be transmitted in the same slot. If there is no PUSCH, the saved resource can be potentially used for SR or ACK/NACK transmission. The worst case is the saved resource is empty. In this case, at least UL interference is reduced and UE power can be saved. 

 (
Slot n
Slot n+2
)
Fig. 2 PUCCH CSI report on two slots
If RI/PMI/CQI are reported in two slots, gNB can determines number of PUCCH resources used for CSI report in later slots based on detection of RI reported in the first slot. A three-slot example is shown in Fig. 2. There is 1 slot gap between these two slots. After a fast resource allocation performed by gNB, which is doable in NR, resource utilization is quite efficient with a cost of slight increase of CSI latency. In this case, the number of resources, for example, number of symbols, used for PUCCH CSI report can be indicated by RI value reported in earlier slot. Thus gNB does not need to signal this parameter in DCI, which means DCI overhead can be saved.
Proposal 3: For NR PUCCH CSI reporting, RI is encoded separately with PMI/CQI.
· Number of resources used for PMI/CQI reporting depends on RI value.
4. Conclusions
In this contribution, we discuss the detailed design of Type I and Type II CSI report on PUCCH. Based on the discussion, we have the following observations and proposals.
Observation 1: For both NR Type I and Type II codebooks, payload size of PMI depends on RI values.
Observation 2: CSI latency has non-negligible impact on system performance. Especially, cell-edge performance can be impacted significantly.
Proposal 1: At least WB Type II CSI is supported on NR PUCCH.
Proposal 2: For NR PUCCH CSI reporting, support a CSI reporting containing RI/PMI/CQI in one slot, adjacent 2 slots or 2 slots with one slot gap.
Proposal 3: For NR PUCCH CSI reporting, RI is encoded separately with PMI/CQI.
· Number of resources used for PMI/CQI reporting depends on RI value.
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6. Appendix
	System level simulation parameters

	Scenarios
	3D-UMi 200m ISD

	Antenna Configurations
	2x1 virtualization

	Antenna Spacing
	(dV,dH)=( 0.8λ, 0.5λ)

	Number of UE antenna
	2Rx cross-polarized antenna

	Traffic model
	FTP 1 with packet size 0.5M byte

	OLLA
	Target at 10% BLER

	CSI-RS
	Overhead is accounted

	HARQ
	Max 4 retransmissions

	Transmission rank
	1, 2

	SU/MU pre-coding
	BD

	Scheduling
	Proportional fair, up to 2 UEs, up to 2 layers

	CQI/PMI reporting frequency granularity
	6RB

	Delay for scheduling and AMC
	6ms

	Receiver
	MMSE-IRC. With non-ideal interference covariance matrix estimation by using complex Wishart distribution with 12 degrees of freedom (Model in TR36.829 with DMRS based sample covariance matrix)

	HARQ Scheme
	Chase Combining

	Maximum number of retransmissions
	4

	Traffic model
	FTP1 model with 0.5Mbyte

	Feedback Assumption
	
Non-ideal modeling of channel estimation error modeling is used, based on DMRS for data demodulation, based on IMR for interference measurement

	Handover margin 
	3dB 
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