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1 Introduction
[bookmark: OLE_LINK15][bookmark: _Ref471737701][bookmark: OLE_LINK14][bookmark: OLE_LINK11][bookmark: OLE_LINK12]In this contribution, we address our view about short PUCCH carrying 1 bit or 2 bits. The remaining issues can include how to multiplex other signals and channels. 
2 Discussion
2.1 [bookmark: OLE_LINK48][bookmark: OLE_LINK46][bookmark: OLE_LINK47]PUCCH subband allocation
[bookmark: OLE_LINK50]The one symbol PUCCH does not hop in frequency. It is noted that each UE is configured to own UL bandwidth according to its capability. Figure 1 illustrates an example of three UEs that are configured to different bandwidth. The bolded line represents the PUCCH subband. There are two alternatives to align different PUCCH subbands. The edge of each UL bandwidth can be aligned (Figure 1 (a)), or the center of each UL bandwidth can be aligned (Figure 1 (b)).



 
[bookmark: OLE_LINK51][bookmark: OLE_LINK52][bookmark: OLE_LINK53](a) Alt 1: Alignment of edge				(b) Alt 2: Alignment of center
[bookmark: _Ref485060362]Figure 1 Example of aligned PUCCH subband using one symbol

As the Alt 1 does, if PUCCH band is allocated in the edge of UL spectrum, then the other signals and channels can be frequency multiplexed using other part of UL spectrum. For instance, the SRS subband does not need to sweep the PUCCH subband, and the UL scheduler can allocate different frequency resource for PUSCH. However the Alt 2 allocates PUCCH subband in the middle of UL spectrum, the other signals and channels may not be continuously allocated. This restricts the DFT-s-OFDM based PUSCH to support high UL throughput. Comparing two alternatives, assigning PUCCH subband at the edge (Alt 1) is more beneficial and has less specification efforts. The Alt 1 prohibits interferences and can multiplex other signals channels in different subband. In this perspective, the network implementation can avoid such interference scenario, but this should solve the related issues, for example, the detailed UL PRB indexing.
[bookmark: OLE_LINK54]When it comes to two symbol PUCCH, the frequency hopping may or may not be configured depending on whether the considering UCI types are periodically reported or aperiodically reported. If a DCI is received at a UE, then the DCI can indicate the frequency resource of short PUCCH. Otherwise, the RRC configured PUCCH resource is used because any DCI is not available. In this case, the frequency hopping can be a good option to achieve the frequency diversity. As Figure 2 shows, the Alt 1 aligns UL bandwidth of each UE at the edge of UL spectrum (Figure 2 (a)) and the Alt 2 aligns the center of UL bandwidth of all UEs (Figure 2 (b)).


       
(a) Alt 1: Alignment of edge				(b) Alt 2: Alignment of center
[bookmark: _Ref485081079]Figure 2 Example of aligned PUCCH subband using two symbols
Two frequency resources are utilized to perform frequency domain hopping. Thus, it is inevitable to trespass on the middle of UL spectrum. This is because different UEs are configured to different UL bandwidth. In NR, the UL bandwidth part is UE-specifically configured, and at least one PUCCH symbol can multiplex the other signals and channels. Basically, SRS or PUCCH can appear at any part of UL spectrum.
[bookmark: _Ref485197996][bookmark: OLE_LINK42]Proposal 1: At least two symbol PUCCH with frequency hopping should multiplex the other signals and channels.
2.2 PUCCH subcarrier mapping
The structure of short PUCCH with low payload can be either sequence based scheme or sequence modulation based scheme. It was reported in the previous meeting RAN1-89 that the sequence based PUCCH performs similar in terms of BER if the coherent demodulation can be applied. Moreover, the PAPR can be low. With the additional assumption that short PUCCH is configured to UEs in good UL coverage, it can be said that the multiplexing order is not very critical. This implies the sequence based PUCCH can be specified. 


(a) Alt 1: All tones except RS tones	(b) Alt 2: Equi-distant between RS tones  (c) Alt 3: Next to RS tones
[bookmark: _Ref485192905]Figure 3 Example of RE mapping alternatives
Since the DM-RS can multiplex SRS, the RE mapping of DM-RS should also have the RPF. If RPF is 2, then the issues about RE mapping has no issues, but with RPF 4, there are alternatives as shown in Figure 3. The PUCCH UCI can fill all tones except DM-RS tones (Alt 1). This mapping has the ratio of 1RS:3UCI. The DM-RS overhead is not yet agreed, but it is generally believed that the ratio can be 1RS:1UCI because either RS or UCI should not be the PUCCH multiplexing bottleneck. If other DM-RS overhead ratio is introduced, then the Alt 1 should have more detailed RE indexing. A single sequence or a few sequences can be mapped depending on the interference scenario.
The other alternatives such as equi-distant RE mapping (Alt 2) and next to RS mapping (Alt 3) can also be discussed. Those alternatives keep the 1RS:1UCI ratio, i.e., the DM-RS is assumed RPF 4, and thus, UCI also is assumed RPF 4. It is pointed out that some REs are left unused. This unused REs can multiplex other signals and channels in unused frequency resources. In the multiplexing capability perspective, the Alt 2 and the Alt 3 are more beneficial to the Alt 1.
The Alt 2 would have the little more channel estimation error than the Alt 3. However, the Alt 2 is beneficial if the sequence based PUCCH is introduced. The sequence based scheme does not distinguish DM-RS and UCI. Thus, the Alt 2 has effectively the RPF 2 in this example. In this case, RE mapping can adapt to have the effective RPF 4. On the other hand, if the sequence modulation based scheme is adopted, then explicit DM-RS should be next to the UCI sequence (Alt 3). This can reduce the channel estimation error, but the Alt 3 violates the single carrier property and leads to higher PAPR than the Alt 2. In addition, the serving gNB should protect the RPF that is using the UCI which can be realized by the implementation.
[bookmark: _Ref485197999]Proposal 2: RE mapping for one symbol PUCCH follow either Alt 2 or Alt 3 in Figure 3.
2.3 Timing for short PUCCH
RAN1 consider UCI from different usage scenario such as eMBB and LLC because a single UE can serve both eMBB and LLC traffic. This usage scenario may happen in 5G, e.g., a vehicle can enjoy streaming applications while communicating with other vehicles to keep safety distance. Since a UE may receive and/or transmit data for different usage scenario, collisions between PDSCHs and between PUSCHs would occur. 
[bookmark: OLE_LINK8][bookmark: OLE_LINK9]The gNB can give a single UE an eMBB PDSCH in a slot (i.e., K1>0) and an LLC PDSCH in a mini-slot (K1=0). Depending on K1, UE should handle PUCCH for both eMBB and LLC to carry UL HARQ-ACK bits. The Figure 4 illustrates an example for K1=4 for eMBB and K1=1 for LLC. A UE receives eMBB PDSCH at slot 0 and LLC PDSCH at mini-slots 1 and 3 in slot 3. Assuming that the UE attempts to transmit eMBB PUCCH at the slot 4, and LLC PUCCH at the mini-slot 5 and 7 in slot 4. In this case, the transmission of PUCCH at slot 4 should be defined.
[bookmark: _Ref481700540]Proposal 3: The UCI at least for LLC can be generated at any mini-slot (at least for FDD).


[bookmark: _Ref478136686]Figure 4 HARQ-ACK timing example for eMBB and LLC for a given UE
If the LLC PUCCH should be reported in the same UL slot, then there are at least two basic approaches regardless of whether UE may be aware of the presence of UL LLC transmission or not. The first approach is to transmit two PUCCHs independently in the same slot. It is applicable only for UEs in a good UL coverage. 
The second approach is to merge/select HARQ-ACK into one PUCCH in the same UL slot, and is more applicable for UEs in a wide range of UL coverage. If UE is aware of the presence of all UL HARQ-ACK bits for LLC before encoding eMBB PUCCH in a given UL slot (i.e., slot 4), then UE can utilize a single format such as LTE PUCCH format 3/4/5 that conveys all HARQ-ACK bits including eMBB and LLC. Otherwise, which can be most cases, possibly LLC HARQ-ACK bits (i.e., mini-slot 3 in slot 3) are generated after encoding or even during transmitting eMBB PUCCH. The desirable UE behaviour is worth to study because the UL delay to wait for UL slot boundary will harm LLC latency performance.
 As an alternative for the second above approach, we can delay to transmit eMBB PUCCH after LLC PUCCH, i.e., from K1 into K1+1. However, this approach does not work if consecutive LLC PUCCH can delay eMBB PUCCH indefinitely. The serving gNB should trigger retransmission of eMBB PUCCH. As another alternative, we can apply the UL puncturing. This UL puncturing means that eMBB PUCCH is not transmitted in symbol(s)/ mini-slot(s) in which LLC PUCCH is transmitted (TDM). Referring to Figure 4, eMBB PUCCH is said not to transmit at mini-slot 4 and 6 in slot 4. Instead, additional LLC PUCCH is transmitted at those mini-slot. By doing so, LLC feedback latency requirements can be met by sacrificing eMBB feedback latency. For the above two alternatives, the remedy for eMBB PUCCH needs further study.
[bookmark: _Ref471737844][bookmark: _Ref485198002]Proposal 4: The short PUCCH can be transmitted in any UL part of a slot (at least for FDD).
3 [bookmark: OLE_LINK33][bookmark: OLE_LINK34]Conclusion
In this contribution, we made the following proposals.
Proposal 1: At least two symbol PUCCH with frequency hopping should multiplex the other signals and channels.
Proposal 2: RE mapping for one symbol PUCCH follow either Alt 2 or Alt 3 in Figure 3.
Proposal 3: The UCI at least for LLC can be generated at any mini-slot (at least for FDD).
Proposal 4: The short PUCCH can be transmitted in any UL part of a slot (at least for FDD).
4 Appendix
One symbol PUCCH based on the sequence modulation (Option 1) and the coherent sequence selection (Option 4) are compared. 2 bits are considered. The Option 1 has interleaved explicit DM-RS and one spreaded QPSK symbol. The 4 sequences for Option 4 are generated based on the scheme in R1-1708616 by Qualcomm. The sequence length is 24 and consecutively allocated. The DM-RS overhead is fixed to 1/2 (1RS:1UCI) for both alternatives. The other parameters are listed in the Table 1.

[bookmark: _Ref474175484]Table 1 Evaluation assumptions for one symbol PUCCH
	Parameter
	Value

	Channel model
	TDL-A, TDL-C (30 ns, 300 ns)

	PUCCH bandwidth
	2 PRB (24 tones)

	Numerology
	15kHz, 60 kHz (normal CP)

	System bandwidth
	20 MHz (100 PRBs)

	Antenna configuration
	1Tx, 2Rx (uncorrelated)

	Receiver
	MRC, MMSE, ideal SNR estimation

	Sequence for RS
	LTE based CAZAC

	RS density
	1RS : 1 UCI (1/2)



According to the Figure 5 where 15 kHz tone spacing is used, TDL-A and TDL-C of the same RMS delay spread perform similarly. In the same channel model, the delay spread affect the performance trends. In (a) and (c), where the delay spread is low, the two options perform very similar. This is because the channel estimation performances are equivalent by adopting the same DM-RS density. In (b) and (d), where the delay spread is medium, the two alternatives perform similar but with noticeable differences. The Option 1 (sequence modulation) performs slightly better than the Option 4 (sequence detection). This is because the coherent demodulation tests are based on the correlation, and the sequence length for the Option 4 is not have the ideal correlation. 

[image: ][image: ]
(a) TDL-A, 30 ns 				(b) TDL-A, 300 ns

[image: ][image: ]
(c) TDL-C, 30 ns 				(d) TDL-C, 300 ns
[bookmark: _Ref485385113]Figure 5 Symbol error rate of one symbol PUCCH with 2 PRBs in low to medium delay spread 
(ΔF=15 kHz)
[bookmark: _GoBack]According to the Figure 6 where 60 kHz tone spacing is used, TDL-A and TDL-C of the same RMS delay spread perform differently. In (a) and (c), where the delay spread is low, the two options perform very similar. However in (b) and (d), where the delay spread is medium, the Option 4 (sequence detection) performs better than the Option 1 (sequence modulation). This is because the coherent bandwidth becomes decreased. The coherent bandwidth in terms of tone spacing becomes narrower, and equivalently, the frequency selectivity becomes severe. Thus, the longer sequence, which is the Option 4, can perform better.

[image: ][image: ]
(a) TDL-A, 30 ns 				(b) TDL-A, 300 ns

[image: ][image: ]

(c) TDL-C, 30 ns 				(d) TDL-C, 300 ns
[bookmark: _Ref485388226]Figure 6 Symbol error rate of one symbol PUCCH with 2 PRBs in low to medium delay spread 
(ΔF=60 kHz)

Based on the results above, we can tell the Option 4 is slightly better than the Option 1 in typical scenario. However, more evaluation parameters can be tested such as inter-/intra-cell interferences. The serving gNB can limit the use of one symbol PUCCH to cell centered UE, but the intra-cell interference can have comparable power level to serving signals and possibly have large RMS delay spread. To downselect either Option 1 or Option 4, other scenarios should also be considered. In addition, the multiplexing between PUCCH can be studied to fulfil more efficient resource utilizations.
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