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There are two approaches to multiplex simultaneous PUCCH and PUSCH from the same UE. The first approach is transmitting PUCCH and PUSCH on different RBs, i.e., FDM PUCCH and PUSCH. The second approach is piggybacking PUCCH on assigned PUSCH RBs. Both approaches are supported in NR.  

In RAN #90 [5], the following are agreed for UCI piggybacking on PUSCH. 

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

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. 

In this contribution, further thoughts on the channel multiplexing of PUCCH and PUSCH is discussed. 
[bookmark: _Ref471731770][bookmark: _Ref462669569]UCI piggyback on PUSCH
One challenging issue associated with UCI piggybacking on PUSCH is how to decide the HARQ-ACK piggyback rule. If PUSCH is punctured by ACK, in case of large ACK payload size, the impact to PUSCH decoding performance is nonnegligible. If PUSCH is rate-matched around ACK, in case of UE mis-detects DCI, eNB and UE will have different assumption on the number of ACK bits piggybacked on PUSCH, which will require eNB to performance blind detection to solve this ambiguity. When ACK payload size increase, the number of bland detection eNB need to perform also increases.  

Therefore, the working assumption agreed in RAN #90 [5] is a reasonable solution to solve the above issue. When the number of ACK bits is small, i.e., up to 2 bits, PUSCH is punctured. As shown in Figure 1, the impact of puncturing to PUSCH decoding performance is small[footnoteRef:2]. With large ACK payload size, to avoid significant PUSCH performance degradation, rate-matching is applied, while concreate solution is still pending to solve ACK payload size ambiguity at eNB side.  [2:  The details about simulation assumption is given in Appendix.] 
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[bookmark: _Ref471549674]Figure 1: Impact of ACK puncture to PUSCH decoding performance
For ACK resource mapping, because ACK piggyback occurs after LDPC encoding, i.e., ACK piggyback is transparent to LDPC encoder for PUSCH. Therefore, in case of puncturing, since 2 bits ACK after encoding can be multiple bits and need puncture a few REs, to avoid heavily puncture one PUSCH code block, we want to distribute ACK REs across all UL symbols to share the impact of puncturing onto all PUSCH code blocks. Another advantage of time distributed mapping is for time diversity for ACK payload. To achieve frequency diversity, we distributed ACK REs in frequency domain as well. One potential issue is the ACK REs far away from DMRS may suffer from worst channel estimation at high Doppler. While, additional DMRS symbol will be added anyway at high Doppler for PUSCH decoding performance. Furthermore, since ACK is QPSK modulated and protected with low code rate with , one should worry more about PUSCH symbols which are far away from DMRS before worry about ACK performance. 
When ACK rate-matching PUSCH, there is no impact of ACK puncturing PUSCH. ACK can be mapped to REs close to DMRS to take the advantage of better channel estimation.  Furthermore, more than 2 bits ACK should be jointly encoded with RI, because RI and ACK has similar decoding performance requirement and both rate-match around PUSCH.
In the aspect on CSI resource mapping, for CSI especially beam related information, it is beneficial to have frequency first mapping to allow CQI earlier decoding for beam management. It is also beneficial to put CSI close to DMRS for better channel estimation. For PUSCH, we also propose frequency first mapping, which helps both UE Tx timeline (symbol by symbol transmission) and eNB Rx time (earlier decoding of certain code blocks).   
RI should be separated encoded with other CSI. The reason is that other CSI payload size such as CQI/PMI is rank dependant. From timeline perspective, eNB prefers to decode RI first to determine the size of other CSI. 
Another important aspect in RE mapping rule is that we need make sure ACK and CSI are mapped to orthogonal resources such that ACK does not puncture CSI.
[bookmark: _GoBack]The UCI resource is controlled by  values which in LTE is a single value per UCI type semi-statically configured. These offsets are often set either too conservative in order to ensure UCI performance thus leading to unnecessary negative performance impact on PUSCH, or insufficient to meet UCI performance requirement. It’s thus desirable to have dynamic  selection for each transmission. This can be done by semi-statically configured a few  values and PDCCH can then dynamically select which value to be used in the current transmission. 
In summary, we therefore have the following proposals for RE mapping. The RE mapping rules are illustrated in Figure 2 and Figure 3. 
Proposal 1: Up to 2 bits ACK is mapped to REs distributed in time and frequency. More than 2 bits ACK is jointly encoded with RI and mapped to REs next to front loaded DMRS.
Proposal 2: RI and other CSI are separately encoded. 
Proposal 3: Strive for ACK and CSI mapping to orthogonal REs so ACK does not puncture CSI.
Proposal 4: Consider dynamic selection of  values for UCI on PUSCH.



[bookmark: _Ref492805499]Figure 2: Resource mapping for UCI on PUSCH with 1 or 2 bits ACK


[bookmark: _Ref492805570]Figure 3: Resource mapping for UCI on PUSCH with more than 2 bits ACK
FDM simultaneous PUCCH and PUSCH


[bookmark: _Ref466042856]Figure 4: Option 1 for FDM for Simultaneous long burst PUCCH and PUSCH transmission from the same UE.
Figure 4 illustrates the proposed multiplexing scheme when simultaneous PUCCH and PUSCH are transmitted, and PUCCH is transmitted in adjacent RBs side by side with PUSCH. 
Specifically, the following is preferred for simultaneous PUCCH and PUSCH in the long burst.
Proposal 5: For FDM simultaneous PUCCH and PUSCH on the long PUCCH burst:
· PUCCH is in contiguous RB as PUSCH to reduce MPR.
· PUCCH is on both edges of PUSCH to create more frequency diversity for PUCCH.
· PUCCH is based on DFT-S-OFDM waveform regardless of PUSCH waveform to simplify efforts of design/specification/implementation.

Furthermore, if frequency hopping is enabled, the same hopping position should be applied to long PUCCH or PUSCH.
Proposal 6: When frequency hopping is enabled, adopt the same hopping position for FDMed simultaneous long PUCCH and PUSCH. 
In the rest of the section, we provide some analysis to support the above proposals
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[bookmark: _Ref471461294][bookmark: _Ref471461288]Figure 5 Adjacent PUCCH and PUSCH



[bookmark: _Ref471461295]Figure 6 Non-Adjacent PUCCH and PUSCH
It is well known [4] that multi-cluster waveform can lead to higher inter-mod (e.g. IM3, IM5, etc.), leading to reduced transmission power in order to meet the emission requirements, such as spectral emission mask. Compared with a non-adjacent allocation for PUCCH and PUSCH, contiguous allocation has lower maximal power reduction (MPR). In [4], the intermodulation distortion for adjacent and non-adjacent allocation of the RBs was studied as shown in Figure 5 and Figure 6. In summary:
· For 10Mhz bandwidth, there is 2.5 dB MPR gain for adjacent allocation over non-adjacent allocation.
· For 20Mhz bandwidth, there is 4 dB MPR gain for adjacent allocation over non-adjacent allocation.

Observation 1: Compared to non-adjacent PUCCH and PUSCH allocation, the proposed adjacent FDM of PUCCH and PUSCH has 2.5~4dB MPR gain.
[bookmark: _Ref471463772]Low PAPR
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[bookmark: _Ref471463206]Figure 7 PAPR of OFDM and multi-cluster DFT-s-OFDM waveforms
It is known that DFT-S-OFDM waveforms has ~2dB link budget advantage over CP-OFDM waveforms. That’s why LTE has UCI on PUSCH when both UCI and uplink data need to be transmitted. It is agreed that NR will support both CP-OFDM and DFT-S-OFDM waveforms in uplink, configured by the network. From design simplicity perspective, it is desirable that UE can have a unified PUCCH design and channelization regardless of the selected PUSCH waveforms. This also simplifies eNB detection complexity since PUCCH and PUSCH are independently transmitted. On the other hand, strictly speaking, FDM’ing PUCCH and PUSCH loses the single carrier property, even if both channels use single carrier waveform, respectively. So the question is: how much do we lose in PAPR?
Figure 7 shows the PAPR of such multi-cluster DFT-s-OFDM waveforms as shown in Figure 4, where both PUCCH and PUSCH are using DFT-S-OFDM waveforms separately (i.e. they go through separate DFT precoding). It can be noticed that the corresponding 3-cluster DFT-s-OFDM waveform has a slightly higher (<1dB) PAPR than a single cluster DFT-s-OFDM, but still much better PAPR than OFDM waveform.
Observation 2: The PAPR of the simultaneous PUCCH and PUSCH is much better than with CP-OFDM waveform, if both PUCCH and PUSCH use single-carrier waveform.
FDM PUCCH/PUSCH only with the same number of symbols


Figure 8. No FDM of long-PUCCH/PUSCH and short-PUCCH/PUSCH from same UE
[bookmark: _Ref465963195][bookmark: _Ref466040522]When PUCCH/PUSCH with different number of symbols from the same UE are FDMed, it causes power offset and phase discontinuity between the symbols. The phase discontinuity between the symbols make the previous channel estimation no more valid for the later symbols. 
Proposal 7: Only support FDM simultaneous PUCCH and PUSCH with the same number of symbols.
Conclusions
For UCI piggyback on long PUSCH, we have the following proposals.
Proposal 1: Up to 2 bits ACK is mapped to REs distributed in time and frequency. More than 2 bits ACK is jointly encoded with RI and mapped to REs next to front loaded DMRS.
Proposal 2: RI and other CSI are separately encoded. 
Proposal 3: Strive for ACK and CSI mapping to orthogonal REs so ACK does not puncture CSI.
Proposal 4: Consider dynamic selection of  values for UCI on PUSCH.
We have the following proposal for FDM of simultaneous long PUCCH and PUSCH:
Proposal 5: For FDM simultaneous PUCCH and PUSCH on the long PUCCH burst:
· PUCCH is in contiguous RB as PUSCH to reduce MPR.
· PUCCH is on both edges of PUSCH to create more frequency diversity for PUCCH.
· PUCCH is based on DFT-S-OFDM waveform regardless of PUSCH waveform to simplify efforts of design/specification/implementation.

Proposal 6: When frequency hopping is enabled, adopt the same hopping position for FDMed simultaneous long PUCCH and PUSCH.
Proposal 7: Only support FDM simultaneous PUCCH and PUSCH with the same number of symbols.
 Appendix

	Simulation assumptions for Figure 1

	Numerology
	30Khz SCS

	# RBs assigned to PUSCH
	40 RBs

	PUSCH encoder
	LDPC

	PUSCH Code rate
	2/3

	PUSCH modulation
	64QAM

	ACK payload size
	80 bits

	Channel and noise estimation
	MMSE channel estimation and realistic noise estimation
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