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[bookmark: _Ref124589705][bookmark: _Ref129681862][bookmark: _Ref129681832]Introduction
In RAN1#89 meeting [2], agreements and conclusions for UCI multiplexing on PUSCH were as follows:
[bookmark: OLE_LINK9]Agreements:
· Confirm that UCI piggyback on PUSCH is supported for both DFT-s-OFDM waveform and CP-OFDM waveform.
· FFS: Whether common UCI piggyback rule for different waveforms.
Conclusions:
· Continue further study of UCI piggyback of following options:
· [bookmark: OLE_LINK5]Opt.1: For all types of UCI, UL data is rate-matched.
· FFS: the case where UE missed the DL assignment.
· Opt.2: For all types of UCI, UL data is punctured.
· Opt.3: At least for UCI other than HARQ-ACK, UL data is rate-matched, while for HARQ-ACK, UL data is punctured.
· FFS: handling of large HARQ-ACK payload
Agreements for beam failure recovery request transmission are as follows:
Agreements:
·  Support using PUCCH for beam failure recovery request transmission
· FFS whether PUCCH is with beam sweeping or not
· Note: this may or may not impact PUCCH design
In the last meeting [3], agreements for CSI reporting were as follows:
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 addition, the agreements for DMRS with CP-OFDM and DFT-S-OFDM, and the multiplexing between DMRS and data were as follows [3]:
Agreements:
· A UE is configured by higher layers with DMRS pattern either from the front-loaded DMRS Configuration type 1 or from the front-loaded DMRS Configuration type 2 for DL/UL:
· Configuration type 1:
· One symbol:
· Comb 2 + 2 CS, up to 4 ports
· Two symbols:
· Comb 2 + 2 CS + TD-OCC ({1 1} and {1 -1}), up to 8 ports
· Note: It should be possible to schedule up to 4 ports without using both {1,1} and {1,-1}.
· Configuration type 2:
· One symbol:
· 2-FD-OCC across adjacent REs in the frequency domain, up to 6 ports
· Two symbols:
· 2-FD-OCC across adjacent REs in the frequency domain + TD-OCC (both {1,1} and {1,-1}) up to 12 ports
· Note: It should be possible to schedule up to 6 ports without using both {1,1} and {1,-1}.
Agreements:
· For DFT-S-OFDM based PUSCH DMRS
· DMRS are mapped to resource elements using a comb structure (IFDMA). 
· DMRS and associated PUSCH are multiplexed in time domain
· At least the following (repetition factor, CS) combinations is supported
·  (2, 2)
· Front load DMRS is allocated to 1 or 2 OFDM symbols
· When 2 OFDM symbols are allocated, TD-OCC ({1 1} and {1 -1}) are supported for orthogonal DMRS port multiplexing.
Agreements:
· Study further aspects related to DMRS and data multiplexing in DL and UL considering 14 and 7 symbol slots/mini-slots, 1 vs. 2 front loaded DM-RS symbols, additional DM-RS, etc.
In this contribution, we give our views on the mapping of UCI piggyback for different waveforms. In addition, the pros and cons of puncturing and rate matching of data for different types of UCI are analyzed.
UCI piggyback on different waveforms
UCI types in NR
[bookmark: OLE_LINK57][bookmark: OLE_LINK58][bookmark: OLE_LINK59][bookmark: OLE_LINK60]For NR, it was agreed that physical uplink control signaling should be able to carry at least HARQ A/N, scheduling request (SR), and CSI reports (possibly including some beam related information) [1]. Discussions on some enhancements about the types of UCI and the corresponding payload sizes compared with LTE are summarized as follows:
· HARQ-ACK: Considering the higher peak rate requirement of NR, multiple bit feedback for one TB was discussed to reduce the retransmission overhead and enhance the throughput. The payload size of HARQ-ACK could be increased. Also, flexible HARQ timing is supported. 
· Beam Related Information: One difference between NR and LTE is the analog/hybrid beamforming. In discussions, beam information including the group information and the corresponding measurement quantities of the beams will be reported for beam management [2]. Also, a beam failure recovery request message to trigger beam recovery on PUCCH has been supported in the last meeting. It might be transmitted as a type of UCI. Detailed UCI contents and payload sizes need further discussions in MIMO section.
· PMI: Two types of spatial information feedback for CSI reporting were agreed: Type I and Type II feedback. The payload size will most likely be increased. PUSCH has been agreed to carry this information in the last meeting [3].
The payload size of each UCI type will likely increase in comparison to LTE. New types of UCI might be introduced. However, the details are closely related to the progress of other topics, such as MIMO.
Mapping of UCI
For convenience of description, we classify the UCIs mentioned above into two types: UCIs with high priority and UCIs with low priority. High priority UCIs including HARQ-ACK, RI and possibly the beam recovery request information require a low BLER and low latency. The CQI/PMI can be deemed as low priority UCIs if no strict performance requirement is required. 
In NR, it is agreed to support the UCI piggyback on PUSCH for both DFT-S-OFDM and CP-OFDM [2]. In principle, a unified mapping rule can reduce the implementation complexity compared with separate mapping rules. However, potential differences between DFT-S-OFDM and CP-OFDM should be analyzed before considering a common design:
· Scenarios:
As agreed, DFT-S-OFDM is mainly adopted for the coverage limited UEs. To ensure the coverage of UCI with higher priority, it is reasonable to distribute UCI bits onto more symbols in the time domain as shown in Fig. 1(a), considering that the DMRS is front loaded. In LTE, four symbols around the DMRS are adopted for HARQ-ACK and RI. In NR, since the DMRS is front-loaded, the quality of channel estimation for symbols further from DMRS decreases. It is a tradeoff between coverage and estimation accuracy since the DMRS is front loaded. To achieve a similar performance with LTE, at least 4 symbols in 15kHz subcarrier spacing should be supported for the high priority UCI if the number of symbols for PUSCH is larger than 4 (excluding DMRS). 
With CP-OFDM, coverage is not a limitation and the main motivation of supporting UCI piggyback is to support larger payload size than PUCCH. The performance of UCI with CP-OFDM waveform can be further optimized from two options:
· Time domain: the symbols of high priority UCI can be arranged on the earliest symbols of PUSCH in order to reduce the latency, as shown in Fig. 1(b).
· Frequency domain: the high priority UCI should be distributed in the whole frequency domain to maximize the diversity gain. For example, if the pattern in Fig. 1(a) is adopted, the frequency distance of the two high priority UCI blocks should be at least larger than the coherent bandwidth.


[bookmark: _Ref489455023][bookmark: _Ref489455013]Fig. 1 Two examples of UCI mapping
To strive for a common design, the most straightforward way is to make the mapping pattern configurable in both time domain and frequency domain. However, such a configurable pattern will complicate implementation. Restrictions should be further considered to reduce the available patterns. For example, the number of symbols for PUSCH can be from 1 to 14 considering different slot types. Since short PUSCH may only exist in the UL dominant slot types, and it may not be possible for short PUSCH to support the pattern in Fig. 1(a) due to the limited symbols. Then, the pattern of Fig. 1(a) can not be supported with UL dominant slot types of length 7. A long PUSCH may exist in the UL dominant or UL only slots, then both (a) and (b) should be supported.
Proposal 1. For the common mapping pattern of ACK/RI with different waveforms,
· Support mapping around DMRS symbols;
· In time domain, support configurable number of symbols for either coverage or low latency, and restrictions should be further studied;
· In frequency domain, support frequency diversity. 
· DMRS: 
The DMRS patterns of the two waveforms are different. For DFT-S-OFDM, the DMRS is designed to occupy the whole symbol for lower PAPR [3]. But for CP-OFDM, the DMRS may not occupy the whole symbol if the number of antenna ports is small [3]. Any unoccupied REs located in the DMRS symbol position can be allocated to data, which improves spectrum efficiency [1][3]. It is agreed that for CP-OFDM, the type of DMRS pattern is configured by high layer. To avoid this potential difference between two waveforms, one simple method is to constrain the UCI mapping on to only the symbols without DMRS. In LTE, the data and CQI/PMI are multiplexed and mapped together on to the data symbols. And in NR, considering the potential DMRS pattern difference, the mapping difference for data and low priority UCI should be further considered.
[bookmark: OLE_LINK1]Proposal 2: Mapping of UCI carrying CQI/PMI on PUSCH should consider DMRS impact of different waveforms.
UCI puncturing/rate matching
In the last meeting, it is concluded to study the three options for UCI piggyback [1], and we give our views on the three options as follows:
· Opt.1: For all types of UCI, UL data is rate-matched.
In LTE, UL data is rate matched according to the size of the UCIs except for HARQ-ACK. If rate matching is adopted for HARQ-ACK, there is a possibility that the UE misses the scheduling assignment for PDSCH and will not transmit HARQ-ACK when the gNB is expecting HARQ-ACK. To avoid a decoding failure of PUSCH in such a case, the HARQ-ACK is punctured in LTE. But in NR, since the payload of HARQ-ACK can be large, puncturing may increase the code rate of PUSCH and degrade decoding performance. To lessen the impact of puncturing, it is reasonable to consider rate matching for the HARQ-ACK. 
Consider the case where UE missed the DL assignment, actually, DAI field in the UL grant can help handle this issue, which allows the UE and gNB to understand the number of HARQ-ACKs.  With flexible HARQ timing introduced in NR, some downlink data may be scheduled after UL grant, and the corresponding ACK/NACKs need to be transmitted on the slot which is scheduled by the UL grant. As shown in the Fig. 2, because DAI in UL grant cannot indicate the number of DL assignment after the UL grant, the same issue about the number of HARQ-ACKs arises.


[bookmark: _Ref489455275]Fig. 2. DL assignment after UL grant, while ACK/NACK and PUSCH happen on same slot
To solve this issue, gNB could limit the maximum number of PDSCH, which is scheduled after UL grant and the corresponding HARQ-ACK is transmitted on the PUSCH scheduled by the UL grant. Then, gNB could configure this maximum number to UE by high layer signaling or physical signaling.
· Opt.2: For all types of UCI, UL data is punctured.
Puncturing may be beneficial for the implementation in the processing delay (since the mapping of data will not depend on the UCIs) [4] and complexity. However, the impact of puncturing to data cannot be neglected, especially for the UCIs with large payload size.
· Opt.3: At least for UCI other than HARQ-ACK, UL data is rate-matched, while for HARQ-ACK, UL data is punctured.
This option follows LTE. The pros and cons of this option were analyzed in Opt.1. The concern of this option is the large payload size of UCI carrying HARQ-ACK. Rate matching is preferred compared to puncturing for large payload size.
Based on the analysis above, we have the following proposals:
Proposal 3: For UCI other than HARQ-ACK, support rate matching. 
Proposal 4: For HARQ-ACK, support rate matching, and the maximum number of PDSCH, which is scheduled after UL grant, and the corresponding HARQ-ACK is transmitted on the PUSCH scheduled by the UL grant, should be defined and informed to UE.
In LTE, for the large payload size of HARQ-ACK arising from carrier aggregation, two β factors are configured based on payload size. For NR, the payload size may become even larger. Due to dynamic scheduling of HARQ-ACK, fast fluctuation of the payload size requires flexible β factors to balance the performance of different types of UCI. Two options can be considered for the selection of an appropriate β factor:
· Extend the solution in LTE eCA: For different payload size ranges, different β factors can be predefined or configured with RRC.
· A dynamic β factor might be helpful, which would inevitably increase the overhead of DCI.
To strive for the balance of these two options, a set of β factors could be configured by RRC, and the DCI could be adopted to further indicate the index in the set.
Proposal 5: Flexible β factor is supported in NR.
[bookmark: _GoBack]Conclusion
Based on the above discussion, we have the following proposals:
Proposal 1. For the common mapping pattern of ACK/RI with different waveforms,
· Support mapping around DMRS symbols;
· In time domain, support configurable number of symbols for either coverage or low latency, and restrictions should be further studied;
· In frequency domain, support frequency diversity. 
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]Proposal 2: Mapping of UCI carrying CQI/PMI on PUSCH should consider DMRS impact of different waveforms.
Proposal 3: For UCI other than HARQ-ACK, support rate matching. 
Proposal 4: For HARQ-ACK, support rate matching, and the maximum number of PDSCH, which is scheduled after UL grant and the corresponding HARQ-ACK is transmitted on the PUSCH scheduled by the UL grant, should be defined and informed to UE.
Proposal 5: Flexible β factor is supported in NR.
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