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Introduction
In this contribution, we shall discuss the limitations of NR Short Block-Length Codes when assessing potential for methods aiming to enhance coverage of PUCCH with payloads less than 11 bits. We further shown the benefits of “DMRS-less” transmission suggested in an ealier correspondence [1] and outline some areas for construction of novel coding strategies with improved performance.
PUCCH Transmission with and without DMRS
The majority of codes used in NR for PUCCH are based on constructions using a combination of a binary channel code (short block-length Reed-Muller or polar code), a modulation-mapping combined occasionally with an orthogonal spreading function across multiple OFDM symbols and the insertion of DMRS known to the gNB receiver. The intent is that channel estimation be performed using the DMRS to allow for quasi-coherent detection at the gNB. Similarly to the PRACH, PUCCH format 0 is an exception to this rule since non-coherent detection is implied as no explicit transmission of DMRS is part of the waveform description. Both are examples of non-binary orthogonal transmission. Interestingly, PUCCH format 1 with 1-bit of payload is an instance of orthogonal transmission in NR, despite the presence of DMRS in the transmitted waveform. As mentioned in an earlier correspondence [1] where a typical NR PUCCH receiver chain with DMRS was described, channel uncertainty in NR is commonly addressed by channel estimation. The latter firstly suffers from signal energy overhead due to use of DMRS and secondly from noise enhancement due to quasi-coherent detection using the estimates in the place of the true channel, which in turn induces a performance penalty.  As alluded to in [1], in the case where coverage extension is desired, spectral-efficiency and receiver signal-to-noise ratios are both very low. As a result, the use of DMRS inherently introduces a non-negligible amount of sub-optimality that we should strive to reduce for short block-length cases. Transmission schemes without DMRS are thus to be considered when it comes to coverage enhancement system configurations. 
For short block-lengths and/or low-spectral efficiency, codes can be designed for non-coherent detection. Two classes can be considered, orthogonal codes and non-orthogonal codes. When spectral-efficiency is sufficiently low it is possible to use an orthogonal transmission and this should be the chosen method. Although there is no formal proof in the scientific literature, it is widely believed that an orthogonal transmission is optimal for cases of vanishing spectral-efficiency when there is channel uncertainty at the receiver. Specifically related to transmission of PUCCH in NR, if we consider a PUCCH with PRBs and  symbols, or  in the case of frequency-hopping over two portions of a slot, we occupy  (or 12for frequency-hopping) time-frequency dimensions. For frequency-hopping the data is coded twice (i.e. in each portion of the slot) or repeated if both portions are of equal length and combined at the receiver for increased diversity from time/frequency-selectivity. For an uncoded PUCCH payload of  bits we can use an orthogonal signal set if . In the case of coverage extension we aim for maximal transmit energy in a slot, consequently we should consider  or  and a small number of PRBs. We show the maximum number of payload bits for orthogonal transmission up to 6 PRBs in Table 1.
The choice of orthogonal waveform is left for further consideration, but it should have low peak-to-average power ratio (PAPR) and time-frequency features allowing for compensation of frequency-selectivity and high Doppler. As an example for a 4-bit transmission of PUCCH consider the performance for 2 and 4 gNB received antennas with independent fading realizations on each antenna element, TDL-C urban channel model with 300ns delay-spread parameter, 2.6 GHz transmission with 100 MHz BWP and 3km/h UE velocity   
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shown in Figure 1. Even at high BLER targets (1%) upwards of 1 dB improvement in energy efficiency over the current codes can be seen. It should be said that in this simulation an optimal non-coherent receiver is used for the 3GPP coded case without assuming quasi-coherent reception. This is not the conventional approach in a gNB receiver and is briefly described in the following section.
Non-orthogonal Code Constructions for PUCCH


When the number of dimensions is not sufficiently high to use an orthogonal signal set, some form of non-orthogonal transmission is required. The conventional approach is to use DMRS signals to estimate the channel and then generate sufficient statistics for detection of the coded bit-sequence stemming from a channel channel code (including any rate-matching or interleaving) under the assumption that the channel is estimated perfectly. The channel code is thus constructed assuming a coherent metric in the decision rule, typically the maximum-likelihood decision rule with perfect channel state information. In the case of the current 3GPP NR channel code for  bits [2], this is a  binary code of length 32 mapped to BPSK or QPSK on PUCCH formats 2-4. Rate matching amounts to repeating the bits to fill the total number of channel dimensions. This repetition operation provides higher-energy and diversity when mapped to time-dimensions and frequency-diversity when mapped to PRBs. It does not provide any coding gain. For ideal coherent detection, it turns out that for 6 or less payload bits that this is a classical bi-orthogonal code which can be efficiently decoded using a fast-Hadamard transform of size 32 after an appropriate permutation of the received log-likelihood ratios on coded bits. It should be noted that this type of receiver is clearly computationally efficient under the quasi-coherent assumption. A more sophisticated receiver, which drops this assumption, may not be able to benefit from the complexity reduction properties of the bi-orthogonal code. This is the case in the received used in the scenario shown in Figure 1, where the channel estimation is implicit in the non-coherent decision rule.
Alternatives for designing codes for “DMRS-less” transmission with non-coherent detection exist, such as the orthogonal convolutional codes used in CDMA systems, or short block-length codes for phase-modulation (e.g. QPSK) [3]. The latter are simple binary or non-binary codes which are designed for non-coherent detection when the number of signaling dimensions do not allow for orthogonal transmission. The codes in [3] minimize the maximum modulus of the correlation,   of the signal-set which is the appropriate metric when channel uncertainty is taken into account. It turns out that the error probability decays as a function of )SNR at least in the asymptotic regime. The rate of decay depends on the channel model (Rayleigh/Ricean/AWGN) but the determining factor is  which reflects the energy-efficiency of the coding system. 
For the purpose of comparison we show the maximum modulus of the correlation of the 9 short-block length codes used in 5G NR when mapped to PUCCH format 3 over 14-symbols and the gap from an orthogonal signal set in Table 2.

	
	
	
                           dB

	3
	.62
	-2.02

	4
	.47
	-3.31

	5
	.47
	-3.31

	6
	.47
	-3.31

	7
	.40
	-3.98

	8
	.35
	-4.57

	9
	.35
	-4.57

	10
	.29
	-5.33

	11
	.28
	-5.48
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For the cases (< 8 bits) where an orthogonal signal set can be easily constructed there are clearly potential gains. For the longer sizes 8-11 bits, we will show short block-length non-orthogonal constructions which fill the gap shown Table 2 in a future correspondence. These are based on similar non-orthogonal codes to those in [3] but for lower spectral-efficiency and block lengths adapted to NR resource grids.
It may be worth constructing the above mentioned codes with unequal error-protection capacity. This would accommodate aggregated UCI payloads with components having varying BLER requirements, for instance higher-protection for ACK/NAK than CSI/SR in a common PUCCH transmission waveform.
[bookmark: _Hlk23927392]Conclusion 
This contribution discusses some potential channel coding techniques for providing coverage enhancement for PUCCH for payload sizes less than 11 bits. We believe that codes should be designed for non-coherent detection and should not make use of DMRS in the transmitted waveforms. In particular, we make the following proposals:
Proposal 1: for appropriate payload sizes (less than 9 bits) and depending on the number of allocated PRBs for PUCCH, “DMRS-less” orthogonal signal sets should be used instead of the current short-block length coding methods combined with DMRS.
Proposal 2: for other payload sizes less than 11 bits construct new short non-orthogonal block-length codes adapted to non-coherent “DMRS-less” detection.
Proposal 3: Consider unequal error protection for aggregated UCI payloads in the code design process.
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