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1 Introduction
At the RAN1 #91 meeting, several agreements were reached regarding multiplexing of UCI and UL data in the same slot [1]. In this paper, we further discuss the remaining issues of UCI multiplexing on PUSCH and provide a text proposal to TS 38.212 in the appendix.
2 Discussion
2.1 UCI mapping on PUSCH 

Issue1: how to determine the number of reserved HARQ-ACK REs
For UCI mapping on PUSCH, it was agreed that CSI part 1 is not mapped on the reserved HARQ-ACK REs in case of HARQ-ACK puncturing PUSCH. But how to determine the number of reserved HARQ-ACK REs is FFS. There are two options that can be considered:
· Option1: The number of reserved HARQ-ACK REs is determined by the actual number of HARQ-ACK bits
· Option2: Reserve the REs assuming the number of HARQ-ACK bits is 2
For PUSCH scheduled by the non-fallback DCI, if semi-static codebook is used, the UE knows the number of feedback HARQ-ACK bits based on the configuration and whether the UE should feedback HARQ-ACK is determined by the value of the 1-bit UL DAI field in the non-fallback DCI (DCI format 0_1). Thus, there is no misunderstanding between gNB and UE on the actual number of feedback HARQ-ACK bits. When dynamic codebook is used, UE can know the number of feedback HARQ-ACK bits based on 2/4 bits DAI field in the UL DCI, so there is also no misunderstanding between gNB and UE on the actual number of feedback HARQ-ACK bits. Therefore, for cases where PUSCH is scheduled by a DCI containing a DAI field, Option1 is the appropriate choice for determining the number of reserved HARQ-ACK REs. 
For PUSCH without UL grant or for  PUSCH scheduled by fallback DCI without a DAI field (only if this is confirmed), there are some possible error cases. When semi-static codebook is used, UE will not feedback HARQ-ACK if it does not receive a PDSCH. When dynamic codebook is used, the codebook is determined by the last DL DAI (C-DAI for non-CA and T-DAI for CA), then there is an error case if the UE did not receive the last DAI. In this case, gNB and UE may have different understanding on the actual number of feedback HARQ-ACK bits. 
If Option1 is used, gNB and UE will have different understanding on the number of reserved HARQ-ACK REs and the gNB may have to blindly detect CSI part1, CSI part2 and UL-SCH data resources, which increases the gNB implementation complexity, otherwise gNB may wrongly decode CSI part1, CSI part2 and UL-SCH data. 
If Option2 is used, gNB and UE will have same understanding on the number of reserved HARQ-ACK REs. When the actual number of HARQ-ACK bits is 1, the number of reserved HARQ-ACK REs is increased compared with Option1, and it should be noted that since HARQ-ACK punctures PUSCH, the resources used for CSI or UL-SCH data are not reduced, only the start position of CSI part 1 is postponed. So Option2 is preferred for HARQ-ACK on PUSCH without UL grant or for PUSCH scheduled by fallback DCI.
A common solution is preferable for determining the number of reserved HARQ-ACK REs. For PUSCH with DAI field in the DCI, using Option 2 only impacts the mapping position for CSI part 1 since CSI part 1 will not be mapped on the reserved HARQ-ACK REs. Hence, we propose to always determine the number of reserved HARQ-ACK REs by assuming the number of HARQ-ACK bits is 2.
Proposal 1: Determine the number of reserved HARQ-ACK REs always by assuming the number of HARQ-ACK bits is 2.
Issue2: Whether CSI can be mapped to reserved REs on PUSCH without UL-SCH data for a single-part CSI report 
For CSI transmission on PUSCH, there were agreements on multiplexing of CSI on PUSCH for both CSI part 1 and CSI part 2. But if CSI is mapped on PUSCH without UL-SCH data and it is only a single-part CSI report, there were no agreements on whether or not CSI can be mapped to reserved REs on PUSCH. 
For single-part CSI report, there are three possible cases of CSI on PUSCH, the first is P-CSI/SP-CSI with no splitting on PUCCH is fallback on PUSCH, the second is A-CSI/SP-CSI only include part 1 (part 2 is dropped) transmitted on PUSCH, and the third is the CSI feedback on PUSCH consists of a single part. For all cases, RI may be included in the one part CSI. In LTE, HARQ-ACK will not puncture RI since they are mapped on different OFDM symbols. In NR, reservation of HARQ-ACK REs is to avoid HARQ-ACK puncturing RI included in CSI part 1. So it is preferred that for CSI on PUSCH without UL-SCH data and single-part CSI, HARQ-ACK will not puncture RI and CSI use the same mapping method as CSI part 1.

Proposal 2: When HARQ-ACK is multiplexed with a single-part CSI report on PUSCH without UL-SCH data, the CSI is not mapped to reserved HARQ-ACK REs on PUSCH.
Issue3: UCI resource computation
There were some open issues for UCI resource computation for UCI transmission on PUSCH. 
However, in TS 38.212 V15.0.0, there were some modifications for UCI resource computation for UCI transmission on PUSCH compared with the agreements at the last meeting. So the proposed corrections in this section are reflected in a text proposal to 38.212 V15.0.0 provided in the appendix.
First issue is about the upper bound of UCI resources, according the current formula. If the number of UCI bits is larger than the number of UL-SCH data bits for UCI on PUSCH with UL-SCH data, all the PUSCH resources will be used for UCI transmission, even if gNB schedule a large amount of PRBs for PUSCH, UCI will occupy all the resources and UL-SCH data cannot be transmitted. Similar situation also exists for HARQ-ACK on PUSCH without UL-SCH data, when the number of HARQ-ACK bits is larger than the number of CSI part 1 bits, CSI information cannot be transmitted. Another possible situation is for dynamic beta is not configured (including fallback DCI) or in case UCI is multiplexed on PUSCH without grant, a conservative beta value should be configured to ensure the UCI performance, but it is possible the UCI resources are oversupplied, then an upper bound of UCI is needed.
For example, when HARQ-ACK is transmitted on PUSCH without UL-SCH data, if the number of HARQ-ACK bits is 64 and the number of CSI part 1 bits is 40, then according to the following formula, 

[image: image1.wmf](

)

(

)

ï

þ

ï

ý

ü

ï

î

ï

í

ì

ú

ú

ú

ù

ê

ê

ê

é

×

×

×

+

=

¢

å

-

=

F

1

0

sc

CSI

PUSCH

offset

PUSCH

symb

PUSCH

sc

ACK

ACK

PUSCH

all

symb,

UCI

,

min

N

l

l

M

O

N

M

L

O

Q

b


The resource can be used for HARQ-ACK transmission is
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Since 
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 is 1, the upper bound is reached and all the resource will be used for HARQ-ACK transmission, CSI will be dropped. Hence, we need to define an upper bound for UCI resources. For example, a threshold characterized by the parameter α < 1 can be used for determining the upper bound of UCI resources as in the following formula:

[image: image5.wmf](

)

(

)

PUSCH

symb,all

UCI

ULSCH

PUSCHPUSCHPUSCH

1

ACKscsymboffset

ACKsc

1

0

0

min,*

N

C

l

r

r

OLMN

QMl

K

b

a

-

-

F

-

=

=

ìü

éù

ïï

êú

+×××

ïï

¢

êú

=

íý

êú

ïï

êú

ïï

êú

îþ

å

å


The threshold parameter  can be predefined in specification and different UCI bits or UCI type can have different coefficient values. RRC configuration can also be considered if feasible within the Rel-15 time frame or considered in the next release. Considering that the main use case is for the number of UCI bits larger than the number of UL-SCH data bits, very small values of α are not needed, we can consider the value range of as e.g. {0.6, 0.7, 0.8, 0.9}.
Proposal 3: A threshold parameter can be used for determining an upper bound for  UCI resources when multiplexed with UL-SCH data on PUSCH or HARQ-ACK resources for HARQ-ACK+CSI on PUSCH without UL-SCH data,
· The threshold parameter is predefined in specification or can configured by RRC if feasible within the Rel-15 time frame;
· Different values may apply for different UCI types or number of UCI bits;
· A suitable value range is {0.6, 0.7, 0.8, 0.9}.
A second issue is that in 38.212, REs occupied by PTRS are excluded when defining the upper bound of UCI resources. We propose to also exclude PTRS REs when determining the UCI resources. That means, the 
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for all cases.
Proposal 4: REs occupied by PTRS should be excluded not only when determining the upper bound of UCI resources but also when determining the actual UCI resources.
A third issue is about the number of CSI bits when HARQ-ACK and CSI are multiplexed on PUSCH without UL-SCH data. Since CSI include two parts and the number of bit for CSI part 2 is determined by CSI part 1. If the PUSCH resources is not enough for both CSI part 1 and CSI part 2 transmission, CSI part 2 may be partially or fully dropped. Since the gNB cannot determine the actual number of bits of CSI part 2, we propose that for HARQ-ACK on PUSCH without UL-SCH, the number of CSI bits in the denominator is set to the number of bits for CSI part 1.
Proposal 5: For HARQ-ACK on PUSCH without UL-SCH, set 
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A fourth issue is when 2-part CSI is transmitted on PUSCH without UL-SCH data, how to determine the resource for CSI part 1 and CSI part 2 respectively. A possible solution is that the gNB indicates a target coding rate 
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for CSI part 1 on PUSCH, then the number of coded modulation symbols per layer for CSI part 1 transmission, denoted as 
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where

-
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 is the number of bits for CSI part 1 on PUSCH;
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The remaining resources can be used for CSI part 2 transmission. CSI part 2 should be omitted when the code rate for transmitting all of CSI part 2 on the remaining resources would be greater than a threshold code rate
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 is the target coding rate for CSI part 1 on PUSCH;

· 
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 is the CSI part 1 offset value indicated by gNB;
· 
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is the CSI part 2 offset value indicated by gNB.
Proposal 6: For 2-part CSI transmitted on PUSCH without UL-SCH data, gNB indicate a target coding rate for CSI part 1 on PUSCH,

· the resources used for CSI part 1 should be determined based on the indicated target coding rata;
· the remaining resources can be used for CSI part 2.
2.2 A-CSI on PUSCH without UL-SCH data
For aperiodic CSI on PUSCH triggered by an UL grant without UL-SCH data, it was agreed that the modulation order for PUSCH is handled the same way as the case when PUSCH is with UL-SCH data, which means higher order modulation in addition to QPSK is supported. Then, how to indicate aperiodic CSI on PUSCH without UL-SCH data and how to indicate the corresponding modulation are two open issues.
· Option1: Reuse LTE scheme

Similar as LTE, we can use the combination of IMCS = {[28], 29, 30, 31} and certain number of PRBs to indicate the modulation order for CSI on PUSCH without UL-SCH data is QPSK, 16QAM, 64QAM, and [256QAM] (if PUSCH can support 256QAM) respectively. However, the length of PUSCH can be slot based or mini-slot based and the symbols used by PUSCH transmission can be dynamically changed in NR, which means using the limitation of the number of PRBs is not appropriate for NR. Secondly, IMCS = {[28], 29, 30, 31} is mainly used for UL-SCH data retransmission procedure on PUSCH. If we use this to indicate the modulation order for CSI on PUSCH without UL-SCH data, it will impact UL-SCH data retransmission procedure. So reusing LTE scheme is not preferred for CSI on PUSCH without UL-SCH data.
· Option2: Define dedicated DCI field
In this option, 1 bit is added in DCI to indicate whether or not there is data on PUSCH. Then in case there is no data on PUSCH and CSI request field indicates a CSI request, we can reuse IMCS to indicate the modulation order of CSI. But we consider this to be an inefficient solution because an additional bit is added for a scenario (CSI on PUSCH without UL-SCH data ) that occurs, at best, only some of the time and indeed, for moderate to heavy UL traffic situations is highly unlikely.
· Option3: Reuse NDI/RV/MCS fields 
This option is to reuse the NDI, RV and MCS fields to trigger CSI on PUSCH without UL-SCH data. By this option, NDI bit is toggled compared to the previous transmission for the same HARQ process and RV is set to 0. Then this can be combined with IMCS = {[28], 29, 30, 31} indicating the modulation order for CSI on PUSCH without UL-SCH data is QPSK, 16QAM, 64QAM and [256QAM] (if PUSCH can support 256QAM).

To provide more details, the gNB schedules the DCI with a HARQ process that is currently free, i.e. one for which the last scheduled UL TB has been successfully received. Then when the UE receives a DCI with NDI bit toggled compared to the last transmission for the same HARQ process, it also sees that the IMCS is in the range 28 – 31 which implies that it cannot determine a TBS and the UE interprets this as a CSI transmission on PUSCH without UL-SCH data.

Proposal 7: Reuse the NDI, RV and MCS fields in DCI to trigger CSI on PUSCH without UL-SCH data, 
· NDI bit is toggled compared to the previous transmission for the same HARQ process and RV is set to 0 combined with IMCS = {[28], 29, 30, 31} to indicate the modulation order for CSI on PUSCH without UL-SCH data is QPSK, 16QAM, 64QAM and [256QAM] respectively.
2.3 UL DAI design

For UL DAI in non-fallback DCI, there were agreements that 1 bit UL DAI field is included in UL grant for semi-static codebook; for dynamic codebook, single DAI field with 2 bits is included in UL grant in case of single HARQ-ACK codebook and two UL DAI fields each of two bits are included in UL grant in case of two HARQ-ACK sub-codebooks.

For UL DAI in fallback DCI in CSS for UL grant, the working assumption is that 2 bits UL DAI is not included in fallback DCI. If UL DAI field is not present in fallback DCI in CSS, then if the UE misses all the DL assignments, the UE will not transmit HARQ-ACK on PUSCH, which may cause a decoding error at least for the case where the gNB expects that UL-SCH data was rate matched around HARQ-ACK on PUSCH. Hence, it is preferred that UL DAI is included in fallback DCI in CSS. If 1 bit UL DAI field is used to indicate presence of HARQ-ACK on PUSCH, there will be no issue when semi-static codebook is configured. For dynamic codebook, 4 bits DAI should be included in fallback DCI in CSS, otherwise if two sub-codebooks are used, the UE cannot determine the total number of bits in each sub-codebook. It was agreed at RAN1 #91 that the presence (if present) of DAI is not configurable. Thus, if we want to support both semi-static and dynamic HARQ-ACK codebooks when scheduling with the fallback DCI in the CSS, 4 bits DAI should be included in the DCI. Another possible solution is to always use 1 bit UL DAI in the fallback DCI in CSS. In this case, if higher layer parameter HARQ-ACK-codebook=dynamic, the codebook on PUSCH will fall back to semi-static codebook determination for PUSCH scheduled by fallback DCI in CSS. From the perspective of DCI overhead, we prefer that 1 bit UL DAI is present in fallback DCI in CSS. The necessity of fallback DCI in UE-specific search space is discussed in [2].

Proposal 8: 1 bit UL DAI is present in DCI format 0_0 when mapped to the CSS.
2.4 Multiplexing of HARQ-ACK and UL data on grant-free or SPS PUSCH
For grant based PUSCH transmission, UL DAI based mechanism similar to LTE was agreed to indicate to a UE the number of HARQ-ACK bits for HARQ-ACK piggyback on PUSCH. But for grant-free or SPS PUSCH transmission, there is no UL DCI scheduling information. How to keep the alignment between gNB and UE on the number of multiplexed UCI bits needs further consideration. 
If UCI on grant-free or SPS PUSCH is not supported, HARQ-ACK piggyback on grant-free or SPS PUSCH can be avoided by gNB implementation. For example, gNB indicates TDM resources for grant-free or SPS PUSCH and UCI on short PUCCH. If UCI on grant-free or SPS PUSCH is supported, when UE receives any DL assignment, both gNB and UE can determine the number of HARQ-ACK bits using the same method as HARQ-ACK on PUCCH. The problem is that if the UE misses all the DL assignments, the UE will not transmit HARQ-ACK on PUSCH, which may cause a decoding error at least for the case where the gNB expects that UL-SCH data was rate matched around HARQ-ACK on PUSCH.  To solve the issue, either HARQ-ACK always punctures UL-SCH data or gNB blind detection can be considered. If we use HARQ-ACK always puncture PUSCH for grant-free or SPS PUSCH, the PUSCH performance is reduced for large number of HARQ-ACK bits. Hence, gNB blind detection is preferred if UCI on grant-free or SPS PUSCH is supported.
Proposal 9: If HARQ-ACK on grant-free or SPS PUSCH is supported, gNB blind detection can be used to solve the issue caused by UE missing all the DL assignments.
3 Conclusions
This contribution provided some analysis on multiplexing UCI and data on PUSCH. Based on the discussion, we have the following proposals. Text proposals to TS 38.212 are also provided in the appendix.
Proposal 1: Determine the number of reserved HARQ-ACK REs always by assuming the number of HARQ-ACK bits is 2.
Proposal 2: When HARQ-ACK is multiplexed with a single-part CSI report on PUSCH without UL-SCH data, the CSI is not mapped to reserved HARQ-ACK REs on PUSCH.
Proposal 3: A threshold parameter can be used for determining an upper bound for  UCI resources when multiplexed with UL-SCH data on PUSCH or HARQ-ACK resources for HARQ-ACK+CSI on PUSCH without UL-SCH data,
· The threshold parameter is predefined in specification or can configured by RRC if feasible within the Rel-15 time frame;
· Different values may apply for different UCI types or number of UCI bits;

· A suitable value range is {0.6, 0.7, 0.8, 0.9}.
Proposal 4: REs occupied by PTRS should be excluded not only when determining the upper bound of UCI resources but also when determining the actual UCI resources.
Proposal 5: For HARQ-ACK on PUSCH without UL-SCH, set 
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 to the number of bits for CSI part 1.
Proposal 6: For 2-part CSI transmitted on PUSCH without UL-SCH data, gNB indicate a target coding rate for CSI part 1 on PUSCH,

· the resources used for CSI part 1 should be determined based on the indicated target coding rata;
· the remaining resources can be used for CSI part 2.
Proposal 7: Reuse the NDI, RV and MCS fields in DCI to trigger CSI on PUSCH without UL-SCH data, 
· NDI bit is toggled compared to the previous transmission for the same HARQ process and RV is set to 0 combined with IMCS = {[28], 29, 30, 31} to indicate the modulation order for CSI on PUSCH without UL-SCH data is QPSK, 16QAM, 64QAM and [256QAM] respectively.
Proposal 8: 1 bit UL DAI is present in DCI format 0_0 when mapped to the CSS.
Proposal 9: If HARQ-ACK on grant-free or SPS PUSCH is supported, gNB blind detection can be used to solve the issue caused by UE missing all the DL assignments.
4 References
[1]. Chairman’s Notes, RAN1 #91, Nov 27 – Dec 1, 2017
[2]. R1-1800251, “ On contents of DCI formats”, RAN1 #AH_1801, CATT

5 Appendix
5.1 Text proposal for UCI resource computation in TS38.212V15.0.0
------------------------------------------------------ start text proposal -----------------------------------------------------------
6.3.2.4
Rate matching

6.3.2.4.1
UCI encoded by Polar code

6.3.2.4.1.1
HARQ-ACK

For HARQ-ACK transmission on PUSCH with UL-SCH, the number of coded modulation symbols per layer for HARQ-ACK transmission, denoted as 
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For HARQ-ACK transmission on PUSCH without UL-SCH, the number of coded modulation symbols per layer for HARQ-ACK transmission, denoted as 
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The input bit sequence to rate matching is 
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 is the code block number, and 
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Rate matching is performed according to Subclause 5.4.1 by setting 
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 is the number of code blocks for UCI determined according to Subclause 5.2.1;
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 is the modulation order of the PUSCH.

The output bit sequence after rate matching is denoted as 
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 is the length of rate matching output sequence in code block number 
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6.3.2.4.1.2
CSI part 1

For CSI part 1 transmission on PUSCH with UL-SCH, the number of coded modulation symbols per layer for CSI part 1 transmission, denoted as 
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The input bit sequence to rate matching is 
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 is the code block number, and 
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 is the number of coded bits in code block number 
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Rate matching is performed according to Subclause 5.4.1 by setting 
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 is the modulation order of the PUSCH.

The output bit sequence after rate matching is denoted as 
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6.3.2.4.1.3
CSI part 2

For CSI part 2 transmission on PUSCH with UL-SCH, the number of coded modulation symbols per layer for CSI part 2 transmission, denoted as 
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The input bit sequence to rate matching is 
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 is the code block number, and 
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 is the number of coded bits in code block number 
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Rate matching is performed according to Subclause 5.4.1 by setting 
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The output bit sequence after rate matching is denoted as 
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