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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 enhancements to improve reliability as well as coverage of the beam switching procedure. 
DMRS-Less noncoherent PUCCH 
Principle of sequence-based 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 scenarios for FR1, in urban scenarios for FR1 with downlink transmit power of 53 dBm, in FR2 when PUCCH carries 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 is DMRS-less noncoherent transmission. 

With DMRS-based coherent transmission, as shown in the flow in Fig 1,  UCI is 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 demodulate 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 be 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.  

Regarding the details of sequence design to support DMRS-less PUCCH, there are two categories of sequences can be considered. The first category is orthogonal sequences. The second category is nonorthognal sequences.  
[bookmark: _Ref53743891]PUCCH based on orthogonal sequences 
Rel-15/16 defined a set of low PAPR computer generated sequences (CGS). To preserve the low PAPR of PUCCH, the CGS can be reused to construct the orthogonal sequences set. For example, we can take a CGS sequence, denoted by S, and treat S as a base sequence. With a PUCCH resource of M frequency tones and N OFDM symbols, a set of orthogonal sequences can be built on top of the base sequence S. We start with sequence S with length M which is mapped to M tones in frequency domain within an OFDM symbol. Within an ODFM symbol, by introducing M different phase ramping value on S in frequency domain (which is equivalent to time domain cyclic shift of IFFT of S), M orthogonal sequences can be constructed within an OFDM symbol. Furthermore, by spreading base sequence S cross N OFDM symbols via N different DFT vectors, N orthogonal sequences can be constructed in time domain. Finally, by combining time and frequency domain, M*N orthogonal sequences can be constructed. In summary, by phase ramping in frequency domain and DFT spreading in time domain, one can build a set of M*N orthogonal sequences on top of a base sequence S, spanning over M frequency tones and N OFDM symbols. Since the frequency domain phase ramp (or equivalently time domain cyclic shift) and DFT spreading cross OFDM symbols do not change the PAPR of a sequence, each of the constructed sequences should have the same PAPR as the base sequence S. 

With the generated orthogonal sequence pool, the PUCCH transmission is very straightforward, as illustrate by Fig 2. To transmit a payload with a bit stream {b0,b1,…}, UE just converts the payload bits into an integer value . From a sequence pool, the UE picks the -th sequence, maps each entry of the picked sequence to each RE in the PUCCH resource, and follow the IFFT and subsequent waveform generation to transmit the PUCCH. No channel coding and DMRS insertion is needed.  

With the generated orthogonal sequence pool, the PUCCH receiver is very straightforward, as illustrated by Fig 3. Mathematically, with orthogonal sequences, one can prove that the optimal receiver is a correlator receiver. The correlator receiver calculates the correlation of the received signal y with all potential sequences in the constructed codebook and picks the sequence with the largest correlation (max energy of correlation output) as the detected sequence. With a PUCCH payload of K bits, in theory, it seems that the receiver needs to run  correlations, which is  multiplications, whose complexity exponentially scales with K. Fortunately, the receiver can be greatly simplified by implementing the brute force correlation as a two dimensional (2D) IDFT or IFFT operation. As mentioned above, the orthogonal sequences are generated based on frequency domain phase ramping and time domain spreading via DFT vector. Mathematically, frequency domain phase ramping of S is just multiplying S with a DFT vector in frequency domain. Therefore, the orthogonal sequences are essentially 2D-DFT vectors where the two dimensions are frequency tones and OFDM symbols. With each sequence  being a 2D-DFT vector, it can be proven that the correlation between y and each  in the codebook is just a standard 2D-IDFT operation. Essentially, the receiver just takes
 the observed signal y on all tones and OFDM symbols in the PUCCH resource, which is a matrix, run 2D-IDFT of the matrix, check the energy of each entry of the 2D-IDFT output, and declare the entry with max energy is corresponding to the transmitted sequence. It is well known that 2D-IDFT operation can be implemented by standard IFFT block. The complexity of IFFT with size  is , which is even smaller than the complexity of the receiver with Rel-15/16 baseline PUCCH, as shown later in Section 2.4.    
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[bookmark: _Ref53566424]Fig 3: Receiver with orthogonal sequences
In the following, the performance of DMRS-less PUCCH with orthogonal sequences are shown in both FR1 and FR2 via simulations. The details simulation assumptions are given in Section 5.1

Fig 4 - Fig 6 demonstrates the performance in FR1 with different Doppler shift from 11Hz to 1111Hz. In Fig 4 - Fig 6, the performance of Rel-15/16 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 and 30Khz SCS in FR1. In this set of simulations, for both Rel-15/16 baseline and the Rel-17 new proposal, the optimal ML detector is used at receiver. For Rel-15/16 baseline, the ML detector includes both DMRS symbols and UCI symbols into ML based sequence detection.    
From the simulation results, 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 for a very large range of Doppler shift from 11Hz to 1111Hz, where 1111Hz Doppler is corresponding to high speed train scenario with about 300Km/h.   
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[bookmark: _Ref53568675][bookmark: _Ref53568667]Fig 4: Sequence-based DMRS-less PUCCH transmission vs NR PUCCH in FR1 (2bits UCI, 11Hz Doppler)
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Fig 5: Sequence-based DMRS-less PUCCH transmission vs NR PUCCH in FR1 (2bits UCI, 111Hz Doppler)
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[bookmark: _Ref53672436]Fig 6: Sequence-based DMRS-less PUCCH transmission vs NR PUCCH in FR1 (2bits UCI, 1111Hz Doppler)

Fig 7 demonstrates the performance in FR2. In Fig 7, the performance of Rel-15/16 PUCCH format 3 with 4 bits UCI payload is compared with DMRS-less noncoherent transmission with a set of 16 orthogonal sequences. The simulation is performed with 14 OFDM symbols, 12 tones, and TDL-A 100ns channel with 11Hz Doppler and 120KHz SCS in FR2. For Rel-15/16 baseline PUCCH, the MMSE channel estimation with ML detector is used. For Rel-17 orthogonal sequence based PUCCH, 2D-IDFT based receiver is used. Similar to FR1 result, it is observed that DMRS-less sequence based PUCCH performs 3dB better than Rel-15/16 baseline, at 10^-2 BLER.   
[image: Chart
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[bookmark: _Ref53672279]Fig 7: Sequence-based DMRS-less PUCCH transmission vs NR PUCCH (with 4 bits UCI) in FR2

PUCCH based on nonorthogonal sequences 
Orthogonal sequences require the number of REs of a PUCCH to be larger than or equal to , where  denotes the number of information bits of the UCI. When the payload size for UCI is large, it may be too resource consuming to use orthogonal sequences. Instead, we may look at nonorthogonal sequences which may convey more information bits using the same amount of resources. 

For non-orthogonal sequences, there are many design options depending on the family of sequences that are used. To limit the standardization effort, it may be benefitial to reuse as much as possible the sequencs that are already defined in NR. To this end, the following set of sequences can be considered
· /2-BPSK or QPSK modulated M-sequences 
· /2-BPSK or QPSK modulated Gold sequence 
· and Zadoff-Chu sequences can be considered. 
In this remainder of this section, we focus on /2-BPSK based m-sequences, due to its low PAPR and low detection complexity. More specifically, we shall truncate an m-sequence to fit to the number of resources in a PUCCH, where the information bits of the UCI is conveyed through the initialization of the m-sequence. 

In Fig 8 and Fig 9, we compare the performance of NR PUCCH using PUCCH format 3 against 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. In Fig 8, 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 MMSE 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, the receiver performs correlation with each sequences, perform noncoherent combining acorss multiple receive antennas, and output the sequence that yields the maximum correlation with the received signal. Other simulation parameters are described in the title of the figure.  As shown in the figure, the sequence based DMRS-less scheme has 3~4 dB gain compared to the transmission scheme used in NR (for FR 1). 
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[bookmark: _Ref40105953]Fig 8: Sequence-based DMRS-less PUCCH transmission vs NR PUCCH with 11 bits UCI payload for FR 1; 1 Tx antenna and 4 Rx antennas; TDL-C channel with 300 ns delay spread and 11 Hz Doppler (30 KHz SCS); the number of DMRS symbols for NR PUCCH is optimized to achieve the best link budget

In Fig 9, below, we compare the performance of DMRS-less sequence based PUCCH transmission versus NR PUCCH Format 3 for FR2. In figure (a) and (b), we show the performance of 2 Rx and 4 Rx antennas at the gNB, respectively. In both scenarios, the simulation parameters follow the agreed parameters in R1-101e. Once again, we observe that, the DMRS-less sequence based PUCCH scheme yields ~3 dB gain compared to the NR PUCCH format 3 in both scenarios. 
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(a)1Tx 2 Rx
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(b) 1Tx 4 Rx
[bookmark: _Ref53698865]Fig 9: Sequence-based DMRS-less PUCCH transmission vs NR PUCCH with 11 bits UCI payload and 14 OFDM symbols for FR 2; in both figures, we usd TDL-A channel with 100 ns delay spread and 3km/h (120 KHz SCS);  the number of DMRS symbols for NR PUCCH Format 3 is optimized to achieve the best link budget. The minimum-Euclidean distance receiver was used in generating these results.
[bookmark: _Ref53568567]Complexity analysis 
In this section, we compare the receiver complexity between the sequence-based PUCCH scheme and the NR PUCCH transmission.   For the sequence-based PUCCH transmission scheme, the receiver comprises three steps (from the received signal in the frequency domain):
· Correlation between received signal and sequences in the pool. This correlation is performed per receive antenna
· Noncoherent combining across receive antennas (i.e., energy combining)
· Pick the sequence that yields the largest energy after combining.
Note that, for the first step, with orthogonal sequences, as mentioned in Section 2.2, the correlation between received signal and orthogonal sequence can be implemented by 2D-IFFT. Similarity, with the non-orthogonal M-sequences, the correlation of received signals with M-sequences can be achieved by applying a Fast-Hadamard transform (FHT), since it’s well-known that M-sequences are related to Hadamard sequences by permutation. 

On the other hand, for NR Rel-15/16 PUCCH baseline with PUCCH format 3, the receiver comprises (from the received signal in the frequency domain)：
· Channel estimation 
· Interference estimation (i.e., Rnn estimation)
· Demodulation 
· Decoding 
In the following, we compare the receiver complexity between DMRS-less sequence based PUCCH and NR Rel-15/16 PUCCH baseline. It is well known that the 2D-IFFT has been widely used in industry for several decades and there are many matured ways to implement it with small complexity. Therefore, the following comparison is focused on comparing receiver for non-orthogonal sequences via Fast-Hadamard transform (FHT) vs receiver for Rel-15/16 PUCCH.  

For simplicity, in both the NR PUCCH and sequence-based PUCCH schemes, we omitted the complexity required by the IDFT step (to receive the DFT-S-OFDM waveform).

In Table 1  below, we list the number of real additions and real multiplications required for each of the steps explained above. The following notation is used:
· : number of receive antennas
· : number of information bits
· : number of REs for DMRS
· : number of total REs in the PUCCH

[bookmark: _Ref53754124]Table 1 Receiver complexity for sequence based PCCH and NR PUCCH format 3

	
	Operation
	Additions
	Multiplication

	Sequence-based PUCCH
	Cross-correlation
(FHT) 
	

	0

	
	Energy computation
	(-1)
	

	
	Max 
	
	0

	NR PUCCH format 3
	Channel estimation (MMSE)
	
	

	
	Rnn Estimation
	
	

	
	Demodulation
	
	

	
	Decoder
	
	0




Note that, in a typical hardware implementation, the received signals are quantized into bits due to ADC. Assuming that each real number is quantized into 16 bits, it can be shown that the number of bit operations required for real multiplication is 16 times more for a real addition. Using this assumption, we list the number of operations (in the unit of number of real additions) required for the two receiving schemes in Table 2 below. As can be seen from the result, channel estimation is the dominant factor of complexity for Rel-15/16 PUCCH receiver. Because no channel estimation is needed, sequence based PUCCH receiver complexity can be even smaller than Rel-15/16 PUCCH receiver. For example, the computational complexity for the sequence-based PUCCH is only 1/4 of that of the NR PUCCH format 3 for the case of 11 bits UCI. Furthermore, sequence based PUCCH receiver complexity reduces significantly when the number of UCI bits reduces. On the other hand, the complexity of receiving a NR PUCCH format 3 doesn’t vary too much with the UCI payload, since the main complexity for the NR PUCCH format 3 comes from channel estimation.



[bookmark: _Ref53754247]Table 2 Number of operations at the receiver for sequence based PCCH and NR PUCCH format 3
	Payload size 
	Channel estimation 
	NR PUCCH with coherent detection
	Sequence-based PUCCH

	5
	
	
	

	6
	
	
	

	7
	
	
	

	8
	
	
	

	9
	
	
	

	10
	
	
	

	11
	
	
	



 
Observation 1: DMRS-less sequence based PUCCH could potentially reduce receiver complexity because of the removal of channel estimation at receiver.

Impact of timing and frequency error to PUCCH performance 
In a wireless cellular system, due to imperfect TTL and FTL at receiver, the residual timing and frequency error will degrade receiver performance. In this section, we run simulations to compare the impact of timing and frequency error to the PUCCH decoding performance with DMRS-less sequence based PUCCH vs with Rel-15/16 PUCCH baseline. 

Fig 11 compares the impact of TEE (timing estimation error) and FEE (frequency estimation error) to PUCCH decoding performance with Rel-15/16 PUCCH baseline vs with DMRS-less PUCCH with orthogonal sequences. Given a same amount of TEE or FEE, it can be observed that the performance degradation due to TEE or FEE is larger with Rel-15/16 baseline PUCCH than with DMRS-less PUCCH with orthogonal sequence.  
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[bookmark: _Ref53587110]Fig 11: TEE (timing estimation error) and FEE (frequency estimation error) impact to PUCCH (4 bits payload) performance 

In Fig 12 below, we compare the performance of DMRS-less sequence based PUCCH scheme with nonorthogonal M-sequences and NR PUCCH format 3. We consider various timing error and frequency error values. Similar to the case of orthogonal sequence, we observe that the sequence based scheme is more robust to timing and frequency error at the receiver than the NR DMRS-based PUCCH scheme. 

 [image: ]
[bookmark: _Ref53699685]Fig 12: TEE and FEE impact to PUCCH performance


Summary the advantages of DMRS-less sequence based PUCCH 
In summary, it is observed that the sequence based DMRS-less noncoherent PUCCH has the following advantages over the Rel-15/16 PUCCH baseline. 

Observation 2: DMRS-less sequence based PUCCH has the following advantages over the Rel-15/16 PUCCH baseline.
· DMRS-less sequence based PUCCH offers ~3dB SNR gain over Rel-15/16 baseline. 
· Low PAPR sequence can be used to further improve coverage, in addition to the ~3dB SNR gain. 
· Simple Tx implementation via predefined sequence codebooks
· Simple Rx implementation via 2D-IFFT (with orthogonal sequences) or fast Hadamard transform (with non-orthogonal sequences)
· Robust to timing and frequency offset

Based on the observed multi-folds 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 13), 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. 

[image: ]

[bookmark: _Ref40156057]Figure 13. 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 implicit or explicit dynamic indication of repetition for PUCCH.
Proposal 4: NR should support reduced-size UCI, especially for compact L1 report.

Conclusion 
This contribution discusses some potential techniques for enhancing coverage in both FR1 and FR2. In particular, we make the following observations and proposals:

On DMRS-less PUCCH:

Observation 1: DMRS-less sequence based PUCCH could potentially reduce receiver complexity, because of the removal of channel estimation at receiver.

Observation 2: DMRS-less sequence based PUCCH has the following advantages over the Rel-15/16 PUCCH baseline.
· DMRS-less sequence based PUCCH offers ~3dB SNR gain over Rel-15/16 baseline. 
· Low PAPR sequence can be used to further improve coverage, in addition to the ~3dB SNR gain. 
· Simple Tx implementation via predefined sequence codebooks
· Simple Rx implementation via 2D-FFT (with orthogonal sequences) or fast Hadamard transform (with non-orthogonal sequences)
· Robust to timing and frequency offset

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 implicit or explicit dynamic indication of repetition for PUCCH.
Proposal 4: NR should support reduced-size UCI, especially for compact L1 report.

Appendix
[bookmark: _Ref53587664]Simulation assumptions for DMRS-less PUCCH with orthogonal sequences
Table 3: simulation assumption for DMRS-less PUCCH with orthogonal sequences in FR1
	Simulation assumption
	Value

	PUCCH format 
	Format 1, 2 bits UCI.


	# OFDM symbols
	14

	# DMRS symbols
	7 for PF1, 4 for PF3

	# PRBs
	1

	# TxRUs at gNB
	4

	# Tx at UE
	1

	Channel model
	TDL-C

	Delay spread
	Rural 300ns

	Subcarrier space
	30Khz

	Doppler
	11Hz, 111Hz, and 1111Hz



Table 4: simulation assumption for DMRS-less PUCCH with orthogonal sequences in FR2
	Simulation assumption
	Value

	PUCCH format 
	Format 3, 4 bits UCI

	# OFDM symbols
	14

	# DMRS symbols
	7 for PF1, 4 for PF3

	# PRBs
	1

	# TxRUs at gNB
	2

	# Tx at UE
	1

	Channel model 
	TDL-A

	Delay spread
	Urban 100ns

	Subcarrier space
	120Khz

	Doppler
	11Hz



Simulation assumptions for DMRS-less PUCCH with nonorthogonal sequences
Table 5: simulation assumption for DMRS-less PUCCH with orthogonal sequences in FR1
	Simulation assumption
	Value

	PUCCH format 
	PUCCH format 3 with 11 bits

	# OFDM symbols
	4-14

	# DMRS symbols
	Optimized for best BLER performance

	# PRBs
	1

	# TxRUs at gNB
	4

	# Tx at UE
	1

	Channel model
	TDL-C

	Delay spread
	300ns

	Subcarrier space
	30Khz

	Doppler
	11Hz

	Frequency hopping
	Enabled



Table 6: simulation assumption for DMRS-less PUCCH with orthogonal sequences in FR2
	Simulation assumption
	Value

	PUCCH format 
	Format 3 with 11 bits UCI

	# OFDM symbols
	14

	# DMRS symbols
	4 

	# PRBs
	1

	# TxRUs at gNB
	2

	# Tx at UE
	1

	Channel model 
	TDL-A

	Delay spread
	100ns

	Subcarrier space
	120Khz

	Doppler
	77Hz (3Km/h)

	Frequency hopping
	Enabled
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