[bookmark: _Ref452454252]3GPP TSG-RAN WG1 NR Ad-Hoc #3					            		    		R1-1716145
[bookmark: _Hlk489825710]Nagoya, Japan, 18th-21st September 2017

Agenda item:		6.3.2.3
Source:	Nokia, Nokia Shanghai Bell
Title:	On multiplexing of UCI 
Document for:		Discussion and Decision
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. 
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 [3] 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.
In this contribution we address multiplexing of uplink control information on PUSCH resources in Section 2 and multiplexing between PUCCH and PUSCH in Section 3. 
2.	Multiplexing of UCI on PUSCH 
In this section, we consider multiplexing of UCI and UL data on PUSCH resources in more detail. In RAN1#89 ‎[4] and RAN1#90 [5], the following agreements, among others, were 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.
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

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.
Observation 1: Frequency-first mapping pattern distributing UCI symbols across allocated sub-carriers achieves better frequency diversity with CP-OFDM than localized frequency-first mapping.  
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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, adjacent to DMRS symbol. On the example, the second part of the CSI (on 28 resource elements) is mapped on the 7th OFDM symbol of the slot, being close to the possible additional DMRS symbol. However, the location of the second part of the CSI should be discussed and agreed only after reaching agreements on HARQ feedback timing and mechanisms for mini-slot PDSCHs to avoid possible collisions.
· As agreed, similar mapping principle is applied for both CP-OFDM and DFT-S-OFDM.

Proposal 1: Define a frequency-first mapping pattern distributing UCI symbols across allocated sub-carriers with CP-OFDM 
· The mapping pattern provides sufficient frequency diversity for UCI with CP-OFDM.
· The number of frequency domain clusters and the exact pattern is FFS.
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Figure 2. Example on UCI multiplexing with UL data. 

In RAN1#89 and RAN1#90, the following conclusions and agreements 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
Agreements:
· 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
Working assumptions:
· 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.
· Note: NR ensures sufficiently reliable common understanding on HARQ-ACK bits between gNB and UE. 


As noted during RAN1#90, sufficiently reliable common understanding on HARQ-ACK bits between gNB and UE needs to be ensured. There are few related aspects to be considered:
There remains a risk that gNB expects rate-matched HARQ-ACK e.g. for single CBG-based PDSCH, but UE has missed the associated DL assignment. This possible error case can be avoided by triggering HARQ-ACK (and generally UCI) multiplexing with UL data on PUSCH by L1 control information included in UL grant.
Determination of PUSCH resource elements (REs) for HARQ-ACK may not rely solely on mechanisms used for HARQ-ACK codebook determination on PUCCH as PUSCH preparation, including reservation of REs for UCI, may need to be started before final HARQ-ACK codebook size can be determined. To solve the issue, we propose that 
· UL grant contains indication of the number of PUSCH REs to be reserved for HARQ-ACK. The number of PUSCH REs may be indicated indirectly, e.g. in terms of HARQ-ACK codebook size, or directly, in terms of PUSCH REs. The reserved PUSCH REs may contain extra space for possible HARQ-ACKs associated with PDSCHs that UE may receive after UL grant. 
· UE determines the actual HARQ-ACK codebook using the same mechanism as used with PUCCH transmission. If necessary, UE adjusts the code rate to fit the UCI to the reserved PUSCH REs. Hence, the actual HARQ-ACK codebook size may slightly differ from the codebook size that gNB assumed at the time of UL grant transmission. 
There are also situations where UL grant does not trigger any HARQ-ACK multiplexing with UL data, after which UE receives a DL assignment for a slot and has HARQ-ACK ready to be transmitted at the time of PUSCH transmission. We see that in such situations the HARQ-ACK payload supported can be limited to 1-2 bits and UE simply punctures HARQ-ACK into PUSCH. 
One of the drawbacks of PUSCH puncturing by 1-2 bit HARQ-ACK is that puncturing requires more resources than rate matching with explicit UL grant indication to reach reliable enough DTX performance. This is shown in Figure 3, where puncturing requires 2.5 times more HARQ-ACK symbols than rate matching with explicit UL grant indication. In the simulations, 1% ACK missed detection rate, 1 % DTX-to-ACK error r, and 0.01% NACK to ACK error rates were required. The penalty is acceptable when the associated DL assignment is made after the transmission of UL grant. However, it is not reasonable for DL assignments transmitted before or at same time with UL grant, as mechanisms for rate matching exist anyway. Hence we propose that when HARQ-ACK multiplexing with UL data is indicated in UL grant, PUSCH is rate-matched also for 1-2 bits HARQ-ACK. 
The LTE UCI dimension formula can be reused as baseline in the dimensioning of UCI resources. In LTE, UE can be configured with a pair of beta offset values, and the used beta offset is selected according to the HARQ-ACK codebook size. We see that the UCI resource dimensioning needs to be enhanced further to take into account the use of both rate-matching and puncturing – as puncturing requires more resources to reach reliable enough DTX performance. This can be achieved e.g. by configuring a beta offset specific for PUSCH puncturing case.  
Given the discussion above, we propose that the working assumption is confirmed. 
Proposal 2: Confirm working assumptions
· 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.
Proposal 3: HARQ-ACK multiplexing with UL data on PUSCH is indicated by UL grant.
Proposal 4: In the case of PUSCH rate-matching, UL grant contains either direct or indirect indication of the number of PUSCH REs reserved for HARQ-ACK. 
Proposal 5: When HARQ-ACK multiplexing with UL data is indicated in UL grant, PUSCH is rate-matched also for 1-2 bits HARQ-ACK.
Proposal 6: The use of rate-matching or puncturing is taken into account in the dimensioning of UCI resources.
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Figure 3. Number of HARQ-ACK symbols required to meet HARQ-ACK performance requirements with and without HARQ-ACK trigger in the UL grant. 1 ACK bit, TU channel, 2 PRBs, 15 kHz SCS. [6]
3.	Multiplexing of PUSCH and PUCCH 
In this section, we discuss multiplexing between PUSCH and PUCCH. In the case of DFT-S-OFDM, simultaneous transmission of PUCCH and PUSCH will increase the PAPR and, hence, will reduce the link budget gain achievable with DFT-S-OFDM. On the other hand, there is no such penalty when multiplexing UCI with UL data on PUSCH resources. Hence, there is no clear need to support simultaneous transmission of PUCCH and PUSCH with DFT-S-OFDM waveform. This means that simultaneous transmission of PUCCH and PUSCH needs to be supported only with CP-OFDM waveform. 
Proposal 7: Simultaneous transmission of PUCCH and PUSCH per UE is supported only with CP-OFDM waveform.
There has been discussion that when UE transmits long PUCCH simultaneously with PUSCH, long PUCCH resources may be moved adjacent or inside PUSCH allocation to mitigate IMD as shown in Figure 4. However, natural alternative would be to transmit UCI multiplexed on PUSCH. When compared to the transmission of UCI multiplexed on PUSCH, moving PUCCH and using long PUCCH channelization within PUSCH allocation (or adjacent to) is not an attractive option: 
· When PUCCH resources are moved inside PUSCH allocation, PUCCH will occupy 1 PRB. This is excessive UCI overhead especially when UCI contains only couple of bits e.g. for HARQ-ACK. When PUCCH resources are moved adjacent to PUSCH allocation, the situation is even worse with UCI overhead of 2 PRBs: another PRB is wasted as it cannot be allocated to any other UE due to PUCCH frequency hopping, as shown in Fig. 4. 
· Even for large UCI payloads, the moving of PUCCH resources inside PUSCH allocation does not seem to provide any tangible benefits over the UCI on PUSCH mechanism. Instead, with UCI multiplexed on PUSCH, UCI benefits from full frequency diversity within PUSCH allocation. With PUCCH channelization, UCI is transmitted only on 2 frequency locations.  
Further, introducing additional mechanism to move PUCCH on PUSCH resources in addition to the multiplexing of UCI on PUSCH increases just system complexity without any benefits. Hence, we see that UCI should be transmitted on PUSCH, using the UCI multiplexing mechanism, instead of moving long PUCCH inside or adjacent to PUSCH resources in the cases where simultaneous long PUCCH and PUSCH creates problematic IMD.  
Observation 2: UCI on PUSCH should be used in cases where simultaneous transmission of long PUCCH and PUSCH is problematic.
Proposal 8: Simultaneous transmission of PUCCH and PUSCH per UE does not change the PUCCH frequency location.
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[bookmark: _Ref484693175]Figure 4: Moving PUCCH resources adjacent to or inside PUSCH allocation.
Depending the UEs latency budget, link budget and UCI payload size, the UCI information can be transmitted using long PUCCH and/or short PUCCH. The UCI transmission on PUCCH can happen while there is an ongoing PUSCH. Therefore, NR should support FDM multiplexing of PUSCH with long PUCCH and/or short PUCCH as shown in Fig. 5.
Proposal 9: NR shall support FDM multiplexing of PUSCH with long PUCCH and/or short PUCCH.


[bookmark: _Ref484693184]Figure 5: FDM Multiplexing options of PUSCH with Long PUCCH and Short PUCCH.
4.	Conclusions 
In this contribution, we have discussed the design of UCI multiplexing on PUSCH as well as multiplexing between PUCCH and PUSCH. Based on the discussion, we make the following observations and proposals:
On UCI multiplexing on PUSCH:
Observation 1: Frequency-first mapping pattern distributing UCI symbols across allocated sub-carriers achieves better frequency diversity with CP-OFDM than localized frequency-first mapping.  
Proposal 1: Define a frequency-first mapping pattern distributing UCI symbols across allocated sub-carriers with CP-OFDM 
· The mapping pattern provides sufficient frequency diversity for UCI with CP-OFDM.
· The number of frequency domain clusters and the exact pattern is FFS.
Proposal 2: Confirm working assumptions
· 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.
Proposal 3: HARQ-ACK multiplexing with UL data on PUSCH is indicated by UL grant.
Proposal 4: In the case of PUSCH rate-matching, UL grant contains either direct or indirect indication of the number of PUSCH REs reserved for HARQ-ACK. 
Proposal 5: When HARQ-ACK multiplexing with UL data is indicated in UL grant, PUSCH is rate-matched also for 1-2 bits HARQ-ACK.
Proposal 6: The use of rate-matching or puncturing is taken into account in the dimensioning of UCI resources.
On multiplexing between PUCCH and PUSCH.
Observation 2: UCI on PUSCH should be used in cases where simultaneous transmission of long PUCCH and PUSCH is problematic.
Proposal 7: Simultaneous transmission of PUCCH and PUSCH per UE is supported only with CP-OFDM waveform.
Proposal 8: Simultaneous transmission of PUCCH and PUSCH per UE does not change the PUCCH frequency location.
Proposal 9: NR shall support FDM multiplexing of PUSCH with long PUCCH and/or short PUCCH.
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