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Introduction
In this contribution, we shall discuss some potential techniques to enhance the coverage of PUCCH. In particular, we discuss DMRS-less Noncoherent PUCCH for enhancing PUCCH coverage and enhancement to improve reliability as well as coverage of the beam switching procedure. 
DMRS-Less Noncoherent PUCCH 
In our initial link budget analysis for both FR1 and FR2 [1][2], It is identified that PUCCH coverage needs enhancement in several  scenarios (e.g., in rural scenario for FR1, or for FR2 in case of L1 beam report). This enhancement is critical for multiplexed HARQ-ACK report for multiple TBs in multiple D slots in a TDD system, CSI feedback to maintain desired downlink performance, and L1 beam report in PUCCH in FR2 (as further discussed in Section 3 below). 
There are two approaches to transmit UCI in a PUCCH channel, one is DMRS-based coherent transmission, the other one is DMRS-less noncoherent transmission. 
With DMRS based coherent transmission, as shown in the flow in Fig 1,  the UCI will be encoded using channel coding and modulation, then multiplexed with DMRS (either TDM or FDM) before transmission. At the receiver side, the receiver will first perform a channel estimation using the DMRS symbols, then coherently combine the encoded UCI payloads using the estimated channel.
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[bookmark: _Ref40105780][bookmark: _Ref40005860]Fig 1: DMRS-based coherent PUCCH transmission flow in NR Rel-15
On the other hand, as suggested in the SID [3], DMRS-less noncoherent scheme can also be considered. In the DMRS-less noncoherent transmission scheme,  the UCI is transmitted with a sequence (picked from a sequence pool) without inserting DMRS in the transmission. In particular, as shown in Fig 2  below, the UCI payloads are converted into an integer value . From a sequence pool, the -th sequence is picked, and transmitted by the UE using all N REs in the allocated PUCCH resources. No DMRS is used for such the transmission. At the receiver, the receiver may perform a sequence detection, and determine the UCI payload based on the detected sequence. 
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[bookmark: _Ref40444500]Fig 2: Sequence-based DMRS-less noncoherent PUCCH transmission
In NR Rel-15, both noncoherent and coherent PUCCHs are used, as summarized in the following table. PUCCH format 0 is with DMRS-less noncoherent transmission. PUCCH format 1/2/3/4 are with DMRS-based coherent transmission. 
	PUCCH format 0
	Sequence based DMRS-less non-coherent transmission

	PUCCH format 1
	DMRS-based coherent transmission 

	PUCCH format 2
	DMRS-based coherent transmission

	PUCCH format 3
	DMRS-based coherent transmission

	PUCCH format 4
	DMRS-based coherent transmission



With PUCCH format 0, UCI are transmitted by transmitting a base sequence S with a certain cyclic shift which depends on the payload of the UCI. Actually, in Rel-15 PUCCH format 0 study, comprehensive studies have been conducted to compare the link level performance between sequence based noncoherent transmission vs DMRS based coherent transmission. The conclusion is that sequence based PUCCH has better link level performance than DMRS based coherent PUCCH in PUCCH format 0 [4][5][6][7]. That is why Rel-15 PUCCH format 0 adopted sequence based non-coherent transmission. 
With PUCCH format 1/2/3/4, UCI are channel encoded with either repetition code,  RM code or Polar code, and then FDMed (in format 2) or TDMed (in format 1/3/4) with DMRS, finally transmitted in the REs in the assigned PUCCH resource. 
It is well-known in the literature that, the performance comparison between coherent vs noncoherent transmission depends on operating SNR region. In high SNR region, coherent transmission is better than noncoherent transmission. However, in low SNR region, non-coherent transmission should have better link level performance than coherent transmission. More specifically, the reasons that coherent PUCCH transmissions suffer at low SNR region are the following
· First of all, the channel estimation quality at low SNR is very poor, which leads to significant performance degradation in demodulation and decoding. 
· Secondly, the energy spent on the DMRS does not contain useful information. Hence, one may improve the channel estimation quality by using more DMRS symbols/REs, but increasing number of DMRS symbols reduces the energy available for the information transmission.  
· Furthermore, the channel code used for UCI transmission for small payload is not optimized for the low rate regime. 
· Indeed, when the number of UCI bits is smaller than or equal to 11 bits, an (11,32) modified Reed-Muller code is used. And repetition is used whenever the number of coded bits exceeds 32 (or equivalently, when the coding rate is below 1/3). As such, there is very few coding gain when the payload size of UCI is small. 
· For 2 bits UCI in PUCCH format 1, one can also verify the repetition code is not the optimal code to use in this case.
Since the coverage enhancement is targeting cell edge UEs that operate at low SNR, DMRS-less non-coherent PUCCH transmission should a good candidate scheme to improve PUCCH coverage. Due to the performance benefit of this scheme, also in light of Rel-15 PUCCH format 0 study, we propose to extend sequence based DMRS-less noncoherent PUCCH transmission to other PUCCH formats besides format 0 with payload size more than 1 bit (notice that the transmission scheme in Rel-15 for PUCCH format 1 with 1 bit UCI is already optimal), for the benefit of PUCCH coverage enhancement at low SNR for the cell-edge UEs.  To confirm the performance gain that can be provided by the sequence-based DMRS-less noncoherent PUCCH transmission, we provide some simulation results as below.
In Fig 3, we compare the performance of NR PUCCH using PUCCH format 3 with two decoding scheme vs the sequence-based DMRS-less PUCCH transmission. The payload size is 11 bits, which corresponds to the minimum number of bits required for a L1 beam report in FR2. We plot the SNR required to achieve 1e-2 BLER as a function of the number of DMRS symbols for the transmission. In all simulation results, we used 1 RB resource allocation for both the NR PUCCH and the new sequence-based DMRS-less scheme. For the NR PUCCH, we further optimized the number of DMRS symbols to have the best receiving performance.  
On the receiver side, for the NR PUCCH, we first perform a channel estimation based on the DMRS symbols, and then decode the UCI payload based on the estimated channel. The channel estimation algorithm is based on frequency-domain FFT estimation, assuming genie RMS delay and Doppler spread. Two decoding methods are simulated: 1) the receiver first perform a coherent demodulation, and then combine the demodulated symbols to form 32 LLR values. Then a hard decision is performed on the LLRs. Finally, a minimum Hamming distance decoder is used to decode the best codeword. 2) the receiver exploits the following minimum Euclidean distance decoder using the estimated channel as follows:

where  denotes the estimated channel on the nth RE, and  denotes nth element of the jth codeword. For the sqeuence-based DMRS-less transmission scheme, we used a QPSK modulated Gold sequence in the transmitter, and the receiver performs correlation with each sequences, and output the sequence that yields the maximum correlation with the received signal. 
In the simulations, the UE is equipped with 1 Tx antenna, and the receiver has 4 Rx antenna. Furthermore, we considered a TDL-C channel with 300 ns delay spread and 11Hz Doppler. As shown in the figure, the sequence based DMRS-less scheme has 3~4 dB gain compared to the transmission scheme used in NR. 
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[bookmark: _Ref40105953]Fig 3: Sequence-based DMRS-less PUCCH transmission vs NR PUCCH with 11 bits UCI payload; the number of DMRS symbols for NR PUCCH is optimized to achieve the best link budget
In Fig 4, the performance of Rel-15 PUCCH format 1 with 2 bits UCI payload is compared with DMRS-less noncoherent transmission with a set of 4 orthogonal sequences. The simulation is performed with 14 OFDM symbols, 12 tones, and TDL-C 300ns channel with 11Hz Doppler. In this set of simulations, for both Rel-15 and the Rel-17 new proposal, the optimal ML detector is used at receiver. For Rel-15 baseline, the ML detector includes both DMRS symbols and UCI symbols into ML based sequence detection.    
From the simulation result, we can observe that, given 1% ACK->DTX error rate and 0.1% NACK->ACK error rate as performance requirements, the new proposal can achieve the performance requirement with 3dB less SNR.   
[image: ]
[bookmark: _Ref1122285]Fig 4: Sequence-based DMRS-less PUCCH transmission vs NR PUCCH (with 2 bits UCI)
Based on the observed significant gain, in the light of extending sequence based PUCCH transmissions from PUCCH format 0 to other PUCCH formats with more than 1-bit UCI payload, we have the following proposal. For 1-bit UCI payload, the NR Rel-15 design is already optimal, and there is no need to improve the performance. 
[bookmark: _Hlk23927392]Proposal 1: Support sequence-based DMRS-less noncoherent transmission for PUCCH (beyond format 0) in NR Rel-17.  
[bookmark: _Ref47421117]Enhancing beam switching reliability
In FR2, it is important to have a reliable beam-change command and acknowledgement. Introducing enhanced coverage of signaling can improve the beam reliability that is required of unicast performance and coverage.
One example is the reliability of beam switching in FR2 (as shown in Figure 5), through MAC CE which is carried in DL PDSCH. When ACK->NACK or DTX in PUCCH, gNB and UE will assume different beams. In this case enhancing UL signaling can improve the reliability of the beam switching. 
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[bookmark: _Ref40156057]Figure 5. Importance of coverage of UL signalling for reliability of beam change procedure
Another issue that affects the reliability of unicast beams in FR2 is the reliability of L1 report. In case that the current serving beam is becoming weaker, the gNB needs to rely on L1 report transmitted over PUCCH, which is at least 11 bits, and can be 19 bits (plus additional 6 bits CRC) or more for reporting two or more beams (up to four beams in the current spec), while the beam gain is much lower than the nominal value. Therefore, in practice, PUCCH carrying L1 report may need coverage enhancement, even though the link budget analysis (based on assuming optimal unicast beams) may not show it. Therefore, it is important to ensure enough coverage for the L1 report that is transmitted over PUCCH.
Proposal 2: To ensure reliable beam switching, methods for coverage enhancement of the following procedures should be studied:
· Beam-change command and acknowledgment
· L1 report for beam management 
[bookmark: _Hlk47569018]Proposal 3: NR should support coverage enhancement for PUCCH carrying ack for PDSCH that contains MAC CE indicating beam-switching.
Proposal 4: Study methods for coverage enhancement of L1 report, including dynamic indication of PUCCH repetition for L1 report and/or reduction of its payload e.g. compact L1 report.

Conclusion 
This contribution discusses some potential techniques for enhancing coverage in both FR1 and FR2. In particular, we make the following proposals:
On DMRS-less PUCCH:
Proposal 1: Support sequence-based DMRS-less noncoherent transmission for PUCCH (beyond format 0) in NR Rel-17.  
On beam-change reliability:
Proposal 2: To ensure reliable beam switching, methods for coverage enhancement of the following procedures should be studied:
· Beam-change command and acknowledgment
· L1 report for beam management 
Proposal 3: NR should support coverage enhancement for PUCCH carrying ack for PDSCH that contains MAC CE indicating beam-switching.
Proposal 4: Study methods for coverage enhancement of L1 report, including dynamic indication of PUCCH repetition for L1 report and/or reduction of its payload e.g. compact L1 report.
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