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1.	Introduction
In RAN plenary #75, WID on new radio (NR) has been approved [1]. The NR work item targets to specify the NR functionalities for both enhanced mobile broadband (eMBB) as well as for ultra-reliable low-latency-communication (URLLC) as defined in TR38.913 [2]. Frequency ranges up to 52.6 GHz are considered under the NR work item. 
This contribution relates to multiplexing of uplink control information on PUSCH resources. We consider the multiplexing between PUCCHs and PUSCH in a companion contribution [3].
2.	Discussion 
In order to minimize the scheduler complexity, there is a need to support uplink control information (such as HARQ-ACK) transmission simultaneously with UL data. According to decisions made in RAN1#87 [4] during the NR SI, the following functionalities are supported:
· Simultaneous transmission of PUCCH and PUSCH at least for the long PUCCH format, and
· Multiplexing of UCI and UL data on PUSCH resources.
Here we consider multiplexing of UCI and UL data on PUSCH resources in more detail. TDM multiplexing between UCI and UL data is supported in LTE. However, the multiplexing solution defined in LTE is not a good solution for NR since it does not provide frequency diversity for UCI in the cases when CP-OFDM is applied. Furthermore, there is a need to have simplification compared to LTE operation. For example, in the case when HARQ-ACK is multiplexed with UL data on PUSCH, LTE applies data puncturing, which results in multiple hypothesis testing at eNB side.
Observation 1: Current UCI multiplexing solution defined in LTE cannot be used as such in NR.  
In RAN1#89 ‎[5], the following agreement was reached:
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.

By having a common UCI multiplexing scheme for CP-OFDM and DFT-S-OFDM, the number of variants to be supported is reduced.
Proposal 1: Support UCI on PUSCH for both DFT-S-OFDM and CP-OFDM with unified design.
Due to the fact that CP-OFDM has a different frequency diversity mechanism compared to DFT-S-OFDM used in LTE, UCI resource element mapping needs to be changed compared to LTE. UCI mapping needs to follow a predetermined pattern (RE mapping order) in frequency and time. A predetermined mapping pattern can achieve higher frequency diversity than direct frequency first mapping when small or modest UCI payload is multiplexed on a wide PUSCH allocation. This is illustrated in Figure 1, where BER is shown for 16-bit UCI for direct (or localized) frequency first mapping and for distributed mapping in frequency. A wide PUSCH allocation of 20 MHz is assumed. Other simulation parameters are summarized in Appendix. One can see that the improved frequency diversity of the distributed mapping provides gain of 2 dB or more for considered code rates at 1% BER.
[image: ]
Figure 1. BER for 16 bit UCI with 1/6 and 1/10 code rates. BER for both localized and distributed mapping in frequency is shown.
Figure 2 shows an example of such distributed mapping pattern for CP-OFDM with front-loaded RS and TDM multiplexing between RS and data:
· Pattern is defined such that frequency diversity can be achieved (or maximized) already with a small number of UCI resource elements. The number of frequency domain clusters and the exact pattern is FFS. 
· In the considered example, UCI is mapped into four frequency domain clusters (excluding possible resource elements reserved for DMRS) according to predefined mapping order. HARQ-ACK and the first part of the CSI (on 8 resource elements in the current example) are mapped to the PUSCH resources starting from the 2nd OFDM symbol, whereas the second part of the CSI (on 28 resource elements) is mapped onto the PUSCH starting from the last OFDM symbol of the slot, respectively.
· Similar mapping principle is applied for both CP-OFDM and DFT-S-OFDM.

Proposal 2: Define a mapping pattern providing sufficient frequency diversity for UCI with CP-OFDM.
· 	The number of frequency domain clusters and the exact pattern is FFS.
· [bookmark: _GoBack] Similar mapping principle can be applied for both CP-OFDM and DFT-S-OFDM.
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Figure 2. Example on UCI multiplexing with UL data. 

In RAN1#89, the following conclusion was reached:Conclusions:
· Continue further study of UCI piggyback of following options:
· 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


The LTE UCI multiplexing scheme on PUSCH suffers from:
1. When the base station receiver is attempting to receive UCI-multiplexed PUSCH channel it is not aware whether the UE actually attempted to receive the downlink data or not because of potential errors in the receiving the downlink scheduling assignments on PDCCH. Hence, multiple decoding hypothesis are required.
2. As the HARQ-ACK information is punctured into the PUSCH channel, this degrades the PUSCH decoding performance as the HARQ-ACK payload increases.
To address these issues when multiplexing UCI on PUSCH the following rules can be followed:
· UCI transmitted via PUSCH is triggered by means of L1 control information included in UL grant
· Data is rate matched (i.e. mapped) around UCI. This should cover both HARQ-ACK and CSI.
· In order to maximize the coding gain for different UCI types, consider joint coding for HARQ-ACK and RI at least when multiplexed with UL data on PUSCH.
· The current LTE UCI dimension formula can be reused to determine the number of resource elements for UCI. In the case of CP-OFDM, power boosting of UCI can be used as a complementary way to adjust the UCI quality w.r.t data.
Proposal 3: UCI multiplexing with UL data on PUSCH is triggered by UL grant.
Proposal 4: UL data is rate matched around UCI.
Proposal 5: Consider joint coding for HARQ-ACK and RI on PUSCH. 
Observation 2: Current LTE UCI dimension formula can be reused to determine the number of resource elements for UCI.
3.	Conclusions
In this contribution we discussed the design of UCI multiplexing on PUSCH. Based on the discussion, we make the following observations and proposals:
Observation 1: Current UCI multiplexing solution defined in LTE cannot be used as such in NR.  
Observation 2: Current LTE UCI dimension formula can be used to determine the number of resource elements for UCI

Proposal 1: Support UCI on PUSCH for both DFT-S-OFDM and CP-OFDM with unified design. 
Proposal 2: Define a mapping pattern providing sufficient frequency diversity for UCI with CP-OFDM.
· The number of frequency domain clusters and the exact pattern is FFS.
· Similar mapping principle is applied for both CP-OFDM and DFT-S-OFDM. 
Proposal 3: UCI multiplexing with UL data on PUSCH is triggered by UL grant.
Proposal 4: UL data is rate matched around UCI.
Proposal 5: Consider joint coding for HARQ-ACK and RI on PUSCH. 
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Appendix – Simulation assumptions
Table 1. Simulation parameters.
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Parameter Value

Number of Rx antennas 2

Modulation QPSK

Channel TDL A 300 ns, 3 km/h

Carrier bandwidth 20 MHz

Carrier frequency 4 GHz

Channel estimation method MMSE (over 4 PRBs)

Channel coding TBCC

Number of UCI bits 16

UCI coding rate 1/6 and 1/10

Subcarrier spacing 30 kHz

PUSCH resource allocation 50 PRB

DMRS and UCI symbol index in 

subframe

DMRS(0), UCI(1)


