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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. 
In order to minimize the scheduler complexity, there is a need to support UCI (such as HARQ-ACK) transmission simultaneously with UL data. According to agreements made in RAN1#87 [3] and in RAN1#90 [5] multiplexing of UCI and UL data on PUSCH resources is supported. In this contribution we address the multiplexing in more detail. 
2.	Multiplexing of UCI on PUSCH 
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.  
Such distributed mapping pattern for CP-OFDM should be defined so that frequency diversity can be achieved (or maximized) already with a small number of UCI resource elements. The mapping can be based on the use of separate frequency domain clusters within the PUSCH allocation. The number of frequency domain clusters and the mapping pattern can be based e.g. on following basic approaches: 
· The number of frequency domain clusters may be fixed, and location of them scales with the number of PRBS allocated for PUSCH. There is a minimum spacing between the clusters, and the number of clusters is reduced for narrow PUSCH allocations. This achieves high frequency diversity even with small number of UCI resources elements.
· The spacing between frequence domain clusters is fixed, and the number of clusters scales with the number of PRBS allocated for PUSCH. This results in somewhat simpler logical mapping
· The mapping to the PUSCH resources starts from the 2nd OFDM symbol adjacent to the DMRS symbol. Resource elements reserved for possible other reference signals are excluded from mapping.
· [bookmark: _GoBack]As agreed, similar mapping principle is applied for both CP-OFDM and DFT-S-OFDM.
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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.
Examples of such distributed mapping patterns are shown in Figures 3 and 4 (in Appendix) for 4 and 16 PRB allocations. A fixed number of frequency domain clusters (four) is assumed in Figures 3a) and 4a), while a fixed spacing (1 PRB) of frequency domain clusters is assumed in Figures 3b) and 4b). 8 REs are used for HARQ-ACK in the considered examples. It can be noted:   
· In case of narrow allocation, e.g. 1 PRB, both options may fallback to simple frequency-first-time-second mapping, as the allocation is too narrow for meaningful distributed mapping (not shown in figures).
· For 4 PRB case, the difference between the approaches is in the order that UCI symbols are mapped.
· For 16 PRB case, one can see that higher frequency diversity is achieved with fixed number of frequency domain clusters for small UCI payloads.
Based on the discussion given above, we propose mapping UCI symbols across allocated sub-carriers. The exact mapping pattern remains for further study.
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 mapping is based on frequency domain clusters with either fixed number of clusters or fixed spacing between clusters. The exact pattern is FFS.
In RAN1#90 and RAN1 NR Ad-Hoc #3, the following conclusions and agreements was reached: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
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 beta offset indication
· FFS the applicable case(s) for dynamic vs. semi-static indications



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.
[bookmark: _Hlk494491728]Determination of PUSCH resource elements (REs) for HARQ-ACK requires also special attention as UE may need to start PUSCH preparation before final HARQ-ACK codebook size can be determined. This problem relates to adaptive codebook determination. In the case of semi-static HARQ-ACK codebook, the indicator on UL grant triggering the multiplexing HARQ-ACK with UL data is enough. 
For the case of adaptive HARQ-ACK codebook determination, we propose that 
· The UL grant trigger for multiplexing HARQ-ACK with UL data is extended to indicate a tentative size of HARQ-ACK codebook. The indicated tentative HARQ-ACK codebook sizes may be e.g. predetermined fractions of the maximum HARQ-ACK codebook size for the current UE configuration.
· UE reserves PUSCH RE bits based on the tentative HARQ-ACK codebook size and beta offset mechanism, mapping the codebook size to a number of REs according to the current link adaptation.  
· 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. 
Obviously such determination of tentative HARQ-ACK codebook size looses on the fine granularity of codebook size and, hence, results in somewhat overdimensioned amount of UCI REs. However, we see that the simplicity of such approach overweights the slight overdimensioning of used PUSCH resources. It should also be noted that 7 tentative codebook sizes can be indicated already with 3 bits, given that one state is reserved for indicating that UCI is not multiplexed on PUSCH. It should be also noted that the approach provides a mechanism to adjust dynamically HARQ-ACK code rate, which is effectively equivalent to the dynamic indication of beta offset.   
Proposal 2: HARQ-ACK multiplexing with UL data on PUSCH is indicated by UL grant.
Proposal 3: In the case of PUSCH rate-matching and adaptive HARQ-ACK codebook determination, UL grant contains indication of a tentative number of HARQ-ACKs to be multiplexed. 
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 rate, and 0.01% NACK to ACK error rate were required. The penalty is not acceptable when the associated DL assignments are 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. 
When performing PUSCH puncturing, it is important that all CBs are evenly punctured. Otherwise the decoding error probability for the most punctured CB may be considerably increased, leading to unnecessary retransmissions. As the CBs are not interleaved on PUSCH, this means that HARQ-ACK REs need to be mapped on multiple PUSCH symbols. This increases the HARQ-ACK RE average distance from DMRS. However, we see even puncturing of PUSCH CBs to outweight the drawback of reduced channel estimate quality for HARQ-ACK. There are multiple approaches for mapping  HARQ-ACK to multiple PUSCH symbols, for example: 
· HARQ-ACK is mapped on time-first-frequency-second manner over PUSCH symbols (excluding DMRS symbol) on a set of predetermined sub-carriers.
· HARQ-ACK is mapped on the last symbols of each CB.  
In the case of DFT-S-OFDM, HARQ-ACK puncturing should take place before DFT spreading. 
Observation 2: PUSCH rate-matching mechanism can be used also for rate-matching of 1-2 bits HARQ-ACK. 
Proposal 4: When HARQ-ACK multiplexing with UL data is indicated in UL grant, PUSCH is rate-matched also for 1-2 bits HARQ-ACK.
Proposal 5: Punctured HARQ-ACK of 1-2 bits is mapped on multiple PUSCH symbols.
The LTE UCI dimension formula can be reused as baseline in the dimensioning of UCI resources. However, specific attention is needed on the configuration and use of beta offset values. Correspondingly, it was agreed in RAN1 NR Ad-Hoc #3 that both dynamic and semi-static beta offset indication is supported for PUSCH. 
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 more conservative beta offset specific for PUSCH puncturing case. Hence, we propose that a separate beta offset value is configured for UE for PUSCH puncturing while other beta offset values are configured for PUSCH rate matching. The used beta offset is dynamically indicated with the UL grant indicator for HARQ-ACK multiplexing with UL data.
Another issue to consider is the wide range of UCI payloads carried on PUSCH. This affects e.g. the used encoding as well as decoding performance. This means that in the case of semi-static beta offset indication the used beta offset should depend on UCI payload. In LTE, UE can be configured with a pair of beta offset values, and the used beta offset is selected according to the UCI payload. We propose that the same mechanism is applied also for NR PUSCH. 
Proposal 6: UE is configured with separate beta offset values for PUSCH rate matching and puncturing. The used beta offset is dynamically indicated with the UL grant indicator for HARQ-ACK multiplexing with UL data.
Proposal 7: In the case of semi-static beta offset indication, UE is configured with a pair of beta offset values, and the used beta offset is selected according to the UCI payload size.
[image: ]
Figure 2. 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]
4.	Conclusions 
In this contribution, we have discussed the design of UCI multiplexing on PUSCH. Based on the discussion, we make the following observations and proposals:
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 mapping is based on frequency domain clusters with either fixed number of clusters or fixed spacing between clusters. The exact pattern is FFS.
Proposal 2: HARQ-ACK multiplexing with UL data on PUSCH is indicated by UL grant.
Proposal 3: In the case of PUSCH rate-matching and adaptive HARQ-ACK codebook determination, UL grant contains indication of a tentative number of HARQ-ACKs to be multiplexed. 
Observation 2: PUSCH rate-matching mechanism can be used also for rate-matching of 1-2 bits HARQ-ACK. 
Proposal 4: When HARQ-ACK multiplexing with UL data is indicated in UL grant, PUSCH is rate-matched also for 1-2 bits HARQ-ACK.
Proposal 5: Punctured HARQ-ACK of 1-2 bits is mapped on multiple PUSCH symbols.
Proposal 6: UE is configured with separate beta offset values for PUSCH rate matching and puncturing. The used beta offset is dynamically indicated with the UL grant indicator for HARQ-ACK multiplexing with UL data.
Proposal 7: In the case of semi-static beta offset indication, UE is configured with a pair of beta offset values, and the used beta offset is selected according to the UCI payload size.
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a) 														b)				
Figure 3. Example on UCI multiplexing with UL data for 4 PRB allocation, either a) with fixed number of clusters or b) fixed spacing with clusters.
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a) 																	b)
Figure 4. Example on UCI multiplexing with UL data for 16 PRB allocation, either a) with fixed number of clusters or b) fixed spacing with clusters.
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