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Introduction
In this contribution, we discuss aspects of UCI on PUSCH.
[bookmark: _GoBack]Relevant agreements from previous meeting [1][2] are the following:
Agreements:
· For frequency first mapping, UCI resource mapping principles (e.g., around RS) are common for PUSCH with DFT-s-OFDM waveform and CP-OFDM waveform
· At least for periodic CSI report configured by RRC and aperiodic CSI report triggered by UL grant, the UL data is rate-matched around the UCI

Agreements:
· Confirm the working assumption:
· For slot-based scheduling, for HARQ-ACK with more than 2 bits, PUSCH is rate-matched.
· For slot-based scheduling, for HARQ-ACK with up to 2 bits, PUSCH is punctured.

Agreements:
· For UCI on PUSCH, support both dynamic and semi-static  indication
· FFS the applicable case(s) for dynamic vs. semi-static indications
Discussion
UCI size indication
NR UE punctures ACK/NACK into PUSCH for 1-2 bit and rate matches otherwise. The following two error cases can occur: 1) UE assumes ACK/NACK puncturing while gNB assumes rate matching and; 2) Both UE and gNB assume rate matching but with different ACK/NACK sizes. The first error case occurs if UE is only scheduled with few DL assignments (which should be acknowledges in the same HARQ codebook) but misses one/some assignments and receives only one or two; e.g. gNB schedules UE three times but UE only receives two DL assignments and performs puncturing. The second error case happens if gNB schedules UE several times (and ACK/NACK should thus be rate matched) and UE misses one/some assignments but still receives more than two DL assignments. The UE rate-matches ACK/NACK but with the wrong amount of resources. In both cases the HARQ feedback will be lost but also PUSCH decoding might fail. Both of above error cases can be partly addressed by a DAI mechanism similar to LTE Rel-13 FeCA where a counter and total DAI is added to DCI scheduling a DL assignment. Based on counter and total DAI UE can determine the number of scheduled DL assignments, even if it misses a few DL assignments. However, if the latest DL assignment is missed a UE determines a wrong HARQ codebook resulting in either first or second error case discussed above.
To handle these remaining error cases an ACK/NACK size indicator can be included in the UL grant. In the simplest case the ACK/NACK size indicator is set to the latest total DAI value. Even if the UE misses the last DL assignment it still can determine the correct HARQ codebook size and by that make the right choice between puncturing and rate matching and perform rate matching with the correct size. 
The ACK/NACK size indicator can also be used to handle the case if gNB plans to schedule further DL assignments after it has sent the UL grant: It is up to the gNB to set the ACK/NACK size indicator, if it does not plan to schedule any DL assignments after it sent the UL grant  it sets the ACK/NACK size indicator to the latest total DAI value; if the gNB intends to schedule further DL assignments it sets the ACK/NACK size indicator to a slightly larger value than the latest total DAI. The size of the rate matched resources and the size of the HARQ codebook (number of ACK/NACK bits in the codebook) is set based on the ACK/NACK size indicator. Bit positions in the HARQ codebook for which the UE did not receive any DL assignment are set to NACK. From a UE perspective there is no difference between 1) the gNB sets the ACK/NACK size indicator slightly larger and 2) the gNB sets the ACK/NACK size indicator to the latest total DAI but UE has misses one/few DL assignments. 
Proposal 1: Include ACK/NACK size indicator in UL grant. Note: The ACK/NACK size indicator is set independently from the DAI and can thus handle the case of DL assignments received after the UL grant.
Proposal 2: The ACK/NACK size indicator determines the size of the HARQ code book and thus if puncturing or rate matching is performed.
Proposal 3: The ACK/NACK size indicator determines the size of the rate matched resource.
In LTE Rel-13 FeCA the DAI fields are 2 bit wide, in this case it could make sense also to use 2 bit for the ACK/NACK size indicator. In Figure 1 several examples are shown where the gNB schedules 5 (left) and 3 (middle and right) DL assignments and sets the total DAI accordingly. In all cases the ACK/NACK size indicator is set to 00 (to indicate size 5). The UE can together with the received DAI determine that the ACK/NACK size indicator is 5. In the right example the UE misses the last DL assignment but still can reconstruct (unwrap) the ACK/NACK size indicator to 5. If the UE would also miss the DL assignment with DAI=01 it would wrongly set the ACK/NACK size indicator to 1 and an error would occur. The robustness how many DL assignments the UE can miss is depends how much larger the ACK/NACK size indicator is set than the latest total DAI.[image: ]
Figure 1: ACK/NACK size indicator and total DAI
In scenarios without MIMO and CBG total DAI is increased by 1 for each DL assignment, in this case also ACK/NACK size indicator should be in units of “1”. In LTE Rel-13 feCA as soon as one component carrier is configured with MIMO with two transport blocks each DAI unit size is 2. It is expected that similar rules will also apply to NR if MIMO and/or CBG are configured, in this case it would make sense to have the same unit for ACK/NACK size indicator as for DAI.
UCI mapping
It has been agreed to support for frequency-first mapping common UCI resource mapping principles irrespective of PUSCH waveform. DM-RS for both CP-OFDM and DFT-S-OFDM based PUSCH have been agreed to follow a comb-structure or FD-OCC. While for OFDM-based PUSCH it will be possible under some conditions to multiplex data and DM-RS in DM-RS symbols this will not be possible for DFTS-OFDM-based PUSCH [1]. Above agreement on a common resource mapping scheme implies that UCI modulation symbols cannot be mapped on DM-RS symbols, not even for OFDM-based PUSCH.
Proposal 4: UCI is not mapped to OFDM (DFTS-OFDM) symbols carrying DM-RS.
For OFDM-based PUSCH, UCI needs to be mapped on resource elements that are distributed across the PUSCH bandwidth to harvest frequency-diversity. For DFTS-OFDM-based PUSCH the mapping is done prior to DFT-spreading in time-domain and hence frequency-diversity is automatically obtained. To maintain similarity between OFDM and DFTS-OFDM-based PUSCH, UCI is mapped on distributed modulation symbols prior to DFT-spreading with the same distribution pattern as for OFDM.
Proposal 5: For OFDM-based PUSCH, UCI is mapped to resource elements that are distributed across the PUSCH bandwidth.
Proposal 6: For DFTS-OFDM based PUSCH, UCI is mapped to modulation symbols that are distributed (prior DFT-spreading) with the same distribution pattern as for OFDM. 
Typically the UCI piggy-backed as “UCI on PUSCH” is rerouted from a long PUCCH. Long PUCCH comes with a variety of different lengths to support the various slot formats supported by NR but a typical  setup would be long PUCCH spanning the majority of an UL slot, i.e. starting early and ending late in the UL slot. If a UE supports transmitting UCI on long PUCCH which can start at the beginning of the UL slot it must have the UCI information ready before the UL slot starts, therefore it should be possible to insert UCI into PUSCH from the first symbol on. If long PUCCH would start later in a slot it could happen that UE could transmit UCI on long PUCCH but not as UCI on PUSCH since in the latter case it needs to know UCI already at slot beginning. Given the short time left to finalize NR we believe this can be left to gNB scheduler implementation to avoid such a case and if deemed necessary this can be addressed in a later release.
Proposal 7: No special rule is needed for the case that UCI (which is piggy-backed on PUSCH) is not yet available when PUSCH starts. It is up to the gNB scheduling to avoid this.
[bookmark: _Ref494462192]UCI mapping for rate matching
It has been agreed to rate match PUSCH around CSI and ACK/NACK for more than 2 bit. CSI is composed by CSI Part 1 which has a fixed (given by configuration) size and CSI Part 2with variable length. The gNB must first decode Part 1 to be able to decode Part 2.
In LTE ACK/NACK is mapped to symbols close to DM-RS followed by RI to benefit from better channel estimate close to DM-RS. In NR, PUSCH is frequency-first mapped which can imply that a code block is completely confined in a single OFDM symbol, e.g. the last one. In mobility scenarios with fast varying channels gNB needs to configure multiple DM-RS to ensure that a PUSCH code block furthest away from a DM-RS can still be decoded. A mapping forcing ACK/NACK and CSI Part 1 close to the first DM-RS symbol seems unnecessarily restrictive since gNB anyway needs to ensure channel estimation is good enough for PUSCH which often uses higher MCS than ACK/NACK. 
It has been agreed to separately encode CSI Part 1 and Part 2. It is proposed to map the individual UCI components to modulation symbols and concatenate the modulation symbol sequences into a single symbol sequence [ACK/NACK, CSI Part 1, CSI Part 2] and apply a single rate matching for this concatenated symbol sequence. In case of carrier aggregation and unexpected large CSI, we propose a slightly different ordering of the CSI parts from multiple cells, see [3]. Having one common rate matching procedure instead of multiple independent rate matching procedures avoids error cases that might happen if the different procedures occupy the same resources which might happen for large UCI sizes together with short and/or narrowband PUSCH. To avoid very complicated rules depending on the configured number of DM-RS the concatenated symbol sequence is mapped to all OFDM (DFTS-OFDM) symbols except DM-RS symbols in frequency-first order, see Figure 2. It can be considered to interleave the symbol sequence prior mapping. The number of frequency positions is given by the length of the concatenated symbol sequence and the number of available OFDM (DFTS-OFDM) symbols UCI is mapped on. 
It can be considered to introduce a limit how many resources UCI can take from PUSCH. Even without a limit the absolute limit would be all PUSCH resource elements except DM-RS. Introducing a limit would thus not change anything fundamental but would help to guarantee that some resources are always left for UL-SCH data.
[image: ]
Figure 2: Mapping of rate matched UCI into PUSCH
Proposal 8: All UCI types that should be rate matched are concatenated into a single modulation symbol sequence and jointly rate matched.
Proposal 9: The concatenated modulation symbol sequence that should be rate matched is mapped to all OFDM (DFTS-OFDM) symbols not carrying DM-RS in frequency-first order (intra-DFTS-OFDM symbol time for DFTS-OFDM).
UCI mapping for punctured ACK/NACK
NR maps PUSCH frequency-first. For large PUSCH bandwidth this can imply that a code block is confined to a single OFDM symbol. One should strive to distribute ACK/NACK puncturing evenly across code blocks and avoid puncturing a single/few code block(s) heavily. Distributing modulation symbols of punctured ACK/NACK across multiple symbols achieves this. Like for the rate matched UCI, it is proposed to distribute punctured ACK/NACK across all OFDM (DFTS-OFDM) symbols not carrying DM-RS and across PUSCH bandwidth. The number of frequency positions is given by the number of ACK/NACK modulation symbols and the number of available OFDM (DFTS-OFDM) symbols ACK/NACK is mapped to, see Figure 3.
[image: ]
Figure 3: Mapping of punctured ACK/NACK into PUSCH
Given all the flexibility of PUSCH length and DM-RS placement it can happen that ACK/NACK punctures rate matched UCI. To avoid this case we propose that ACK/NACK, even if 1 or 2 bits, is rate matched together with other UCI, i.e. in this case the same procedure as in Section 3.2.1 applies.
Proposal 10: For ACK/NACK puncturing, the ACK/NACK modulation symbols are mapped to all OFDM (DFTS-OFDM) symbols not carrying DM-RS in frequency-first order (intra-DFTS-OFDM symbol time for DFTS-OFDM).
Proposal 11: 1-2 bit ACK/NACK is rate matched together with other UCI if other UCI is present.
UCI-only PUSCH
In LTE, a UCI-only PUSCH is transmitted always using QPSK. After this concept has been developed in LTE, carrier aggregation has been introduced and now in NR CSI Type II, both increasing the CSI size. Transmitting CSI always using QPSK seems to be inefficient and one should consider to allow higher-order modulation for CSI.
Proposal 12: For UCI-only PUSCH, consider higher-order modulation for CSI.
Multi-antenna aspects
In LTE, ACK/NACK and RI are mapped to all layers while PMI/CQI is mapped only to the layer(s) associated with the transport block with highest MCS. For NR, it makes sense to map ACK/NACK and CSI Part 1 across all layers to benefit from increased robustness. The same precoder that is used for UL-SCH data is also used for ACK/NACK and CSI Part 1.
LTE maps CSI to the codeword with the highest MCS.  Therefore, the LTE principles cannot be directly applied for CSI Part 2, since there is only a single transport block (with a single MCS) in UL. One possibility would be to transmit CSI Part 2 only on a single layer, with UL-SCH carried on the remaining layers.   The gNB could select the TPMI that maximizes the SINR of the layer carrying Part 2. However, doing that would result in a suboptimum precoders selection which maybe maximizes SINR for the UCI layer but could reduce the overall UL-SCH throughput.  A preferable, simpler, choice is to apply to CSI Part 2 the same layer mapping as for UL-SCH data, i.e. CSI Part 2 is mapped to the same layers as UL-SCH, but in separate REs. 
Conclusions
In this contribution, we discuss UCI on PUSCH. The following is proposed:
 Proposal 1: Include ACK/NACK size indicator in UL grant. Note: The ACK/NACK size indicator is set independently from the DAI and can thus handle the case of DL assignments received after the UL grant.
Proposal 2: The ACK/NACK size indicator determines the size of the HARQ code book and thus if puncturing or rate matching is performed.
Proposal 3: The ACK/NACK size indicator determines the size of the rate matched resource.
Proposal 4: UCI is not mapped to OFDM (DFTS-OFDM) symbols carrying DM-RS.
Proposal 5: For OFDM-based PUSCH, UCI is mapped to resource elements that are distributed across the PUSCH bandwidth.
Proposal 6: For DFTS-OFDM based PUSCH, UCI is mapped to modulation symbols that are distributed (prior DFT-spreading) with the same distribution pattern as for OFDM.
Proposal 7: No special rule is needed for the case that UCI (which is piggy-backed on PUSCH) is not yet available when PUSCH starts. It is up to the gNB scheduling to avoid this.
Proposal 8: All UCI types that should be rate matched are concatenated into a single modulation symbol sequence and jointly rate matched.
Proposal 9: The concatenated modulation symbol sequence that should be rate matched is mapped to all OFDM (DFTS-OFDM) symbols not carrying DM-RS in frequency-first order (intra-DFTS-OFDM symbol time for DFTS-OFDM).
Proposal 10: For ACK/NACK puncturing, the ACK/NACK modulation symbols are mapped to all OFDM (DFTS-OFDM) symbols not carrying DM-RS in frequency-first order (intra-DFTS-OFDM symbol time for DFTS-OFDM).
Proposal 11: 1-2 bit ACK/NACK is rate matched together with other UCI if other UCI is present.
Proposal 12: For UCI-only PUSCH, consider higher-order modulation for CSI.
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