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Introduction
In this contribution, we shall discuss means to improve the transmission waveforms for PUCCH in order to enhance coverage.
 
Low-PAPR Transmission Strategies in NR
NR/LTE Waveforms such as the PRACH and PUCCH  are designed for transmitting small payloads (tens of bits) with low probability of error at very low signal-to-noise ratios. This is achieved both by optimizing the energy efficiency of the transmit waveform through (a) minimizing peak-to-average power ratio (PAPR) and (b) design of strong structured coding strategies permitting low-complexity detection algorithms.
In terms of the precise use-case of the PUCCH, we are primarily concerned with scenarios where the transmitted waveform makes use of prior information regarding synchronization with respect to the time window of the gNodeB receiver. The current PUCCH transmission formats in 5G NR are summarized in terms of the their high-level characteristics in Table 1.  We see that the low-PAPR configurations with multiple-symbols are formats 1,3 and 4. 
While PUCCH Format 0 has low PAPR, it seems not to have been designed for coverage because of the limitation to transmission in 1 or 2 symbols and thus is energy-limited. For the sake of completeness and comparison with the proposals in this correspondence, the Format 0 scheme is shown in Figure 1. The message index  is combined with a pseudo-random integer derived from system and user-specific parameters to select a low-PAPR quaternary sequence from a set of optimized sequences and to choose a cyclic time-shift of the selected sequence. 
PUCCH Format 2 has neither low-PAPR nor multi-symbol transmission for coverage and likely to be used primarily in small-cell configurations and as such it is not a scheme which should be considered as a baseline for improvement.
Format 1 uses low-PAPR sequences similar to Format 0 but without a message dependent cyclic time-shift. The sequence is modulated in amplitude depending on the 1 or 2 bit message and repeated across symbols, where  is the number of OFDM symbols corresponding to the so-called demodulation reference signals (DMRS). The DMRS symbols are not message dependent and can be used by the gNodeB receiver to resolve channel uncertainty through explicit channel estimation or more general methods based on joint detection and estimation. This format exhibits a bounded PAPR less than 2.8 dB. 
Formats 3 and 4 use DFT-precoded QPSK or -BPSK for low-PAPR rather than optimized quaternary sequences. For the case of -BPSK the current formats provide a PAPR of 4.78dB at a 1% outage for randomized payloads. The PAPR values reported here were determined by the authors using well-known numerical techniques. 
Similar to Format 1, Formats 3 and 4 also make use of 1,2 or 4 DMRS which are similar payload-independent signals. The transmission scheme is shown in Figure 2. In terms of channel coding, Formats 3 and 4 make use of classical length 32 Reed-Muller codes for 3-11 bit payloads[38.212]. The 32-bit encoded bit stream is shortened or lengthened with rate-matching which amounts to truncation or repetition to fit the available resources. For more than 11 bits, the 3GPP polar code [TS 38.212] with interleaving and a different rate-matching procedure is used. Following rate-matching and interleaving, the bit stream is scrambled using a pseudo-random sequence prior to modulation, in both cases. Format 4 also includes a time-domain orthogonal spreading function on top of the modulation to allow for multiple-acesss.
The decoding algorithms used in the current PUCCH formats are typically sub-optimal reduced-complexity approaches consisting of least-squares channel estimation based on the DMRS signals followed by quasi-coherent detection and soft-combining of repetitions from rate matching. These two operations yield soft-decisions for each of the coded bits. In the case of the RM code, a permutation is then applied to the 32 received soft-decisions to recuperate the bi-orthogonal structure of the code which is then amenable to reduced-complexity decoding via a fast Hadamard Transform. For the polar-coded case, the soft-decisions are passed to one of the reduced-complexity polar decoding algorithms available in the scientific literature. It should be noted that in both cases these algorithms are sub-optimal because of the detection procedure involving separate channel estimation and quasi-coherent detection. A fully non-coherent receiver using the DMRS signals could also be the chosen implementation method, at the expense of an increase in complexity, especially for the RM coded case with longer bit lengths. 
With respect to the identified NR PUCCH formats, the current proposal provides methods for significantly improving the probability of correct detection compared to existing solutions for PUCCH in extreme coverage scenarios which are characterized by low signal-to-noise ratio. Moreover, the proposed methods allow for mitigation of inter-cell interference and, optionally, two levels of protection for different types of payload information aggregated in a common message. Specifically, we propose methods which do not use DMRS signals and are applicable to payload lengths up to 16 bits. Moreover, the methods exhibit strictly bounded and lower or equal PAPR to PUCCH formats 0 and 1. In one particular configuration (single resource element transmission) 0 dB PAPR is achieved.
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	PUCCH format
	Transmission method
	PAPR dB

	0
	1-3 bit orthogonal transmission, cyclic time-shifts of a low-PAPR quaternary sequence, , 
	2.42 – 2.80 dB

	1
	1-2 bit payload, orthogonal transmission (for 1-bit), non-orthogonal transmission (for 2-bit), low-PAPR frequency-domain sequences with orthogonal spreading in time, use of demodulation reference signals (DMRS), , 
	2.42 – 2.80 dB

	2
	>2 bit payload, non-orthogonal transmission, binary code, binary rate-matching, QPSK modulation, , arbitrary   
	9.1 dB at 1% outage, 6.66 dB average

	3
	>2 bit payload, non-orthogonal transmission, binary code, binary rate-matching, -BPSK, QPSK modulation, DFT precoding, , 
	QPSK : 6.30dB at 1% outage, 4.28dB average
-BPSK : 4.78dB at 1% outage, 3.28 dB average

	4
	>2 bit payload, non-orthogonal transmission, binary code, binary rate-matching, -BPSK, QPSK modulation, DFT precoding, orthogonal time-spreading, , 
	QPSK : 6.30dB at 1% outage, 4.28dB average
-BPSK : 4.78dB at 1% outage, 3.28 dB average
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Proposal for block lengths less than 16 bits
The coding construction considered here consists of the concatenation of a sequence of low peak-to-average power ratio vectors, , l=0,1,…, L-1, of dimension 12K which depend on both the message and the symbol index. This is similar in spirit to NR 5G PUCCH format 0, although generalized to different sequences providing potentially lower PAPR and providing the means for extending the transmission over multiple symbols. Furthermore, the concatenation with a structure signal code provides a means to increase the number of payload bits compared to NR 5G PUCCH format 0. The overall code structure is shown in Figure 3 where the  bits are optionally split into two components of size  and , such that . The overall bitstream is used as input to a low peak-to-average power ratio (PAPR) frequency-domain sequence selection procedure and a time-domain overlay signal-space code. The partition of the input bitstream is meant to provide the possibility for two levels of error protection, whereby the decoding process for the   bits has a lower error probability than the decoding process of the  bits. The sequence of low-PAPR vectors are used to signal in the  PRBs and symbols potentially across multiple time slots. The sequence of low-PAPR vectors should include randomization of the resource elements both in the form of using different vectors in each symbol and also using different frequency positions if the vectors have less non-zero elements than the total number of dimensions.split
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Figure 3: Low-PAPR Concatenated Coding Scheme

The sequence of  vectors are multiplied by an outer code sequence  with  to yield the overall coded sequence as  for each symbol and resource element. 
Sequence Selection
The vectors  are firstly designed so that they minimize the peak-to-average power ratio of the resulting time waveform after OFDM modulation
The second criterion for choosing the low-PAPR vectors is to limit the number of non-zero elements in order to both minimize complexity in the detection of the overall code sequence  and also to mitigate the effects of multipath propagation. In the 3GPP specification 38.211, sequences of length 6,12,18 and 24 are proposed using vectors with elements in the quaternary set (QPSK modulation), .  The 3GPP sequences are augmented in the current proposal to include new minimum PAPR sequences of length 3 and 6 in an 8-ary set, , shown respectively in Tables 1 and 2. No two sequences in the tables are cyclic shifts of each other when transformed by inverse discrete Fourier transforms of order 3 (Table 1) and 6 (Table 2). The length 6 sequences have identical and lesser or equal PAPR than the 3GPP sequences (Table 5.2.2.2-1  in 38.211) which do not all have the same PAPR. We also consider the simplest case where the elements of  have only one non-zero element set to 1. This corresponds to a single resource element used among the  and results in the minimum complexity receiver for the overall code sequence. Furthermore, it provides the lowest PAPR (0dB) and could be used for extreme coverage scenarios. 
	index
	8-ary sequence

	0
	(0,0,4)

	1
	(0,1,6)

	2
	(0,2,0)

	3
	(0,3,2)

	4
	(0,4,4)

	5
	(0,5,6)

	6
	(0,6,0) 

	7
	(0,7,2) 


Table 2: Minimal-PAPR sequences of length 3 (PAPR 2.22 dB)
	Index
	8-ary sequence
	Index
	8-ary sequence

	0
	(0,0,1,4,6,3)
	16
	(0,4,1,0,6,7)

	1
	(0,0,3,5,1,6)
	17
	(0,4,3,1,1,2)

	2
	(0,0,5,3,7,2)
	18
	(0,4,5,7,7,6)

	3
	(0,0,7,4,2,5)
	19
	(0,4,7,0,2,1)

	4
	(0,1,1,7,6,2)
	20
	(0,5,1,3,6,6)

	5
	(0,1,3,7,2,0)
	21
	(0,5,3,3,2,4)

	6
	(0,1,5,0,5,3)
	22
	(0,5,5,4,5,7)

	7
	(0,1,7,6,3,7)
	23
	(0,5,7,2,3,3)

	8
	(0,2,1,1,7,4)
	24
	(0,6,1,5,7,0)

	9
	(0,2,3,2,2,7)
	25
	(0,6,3,6,2,3)

	10
	(0,2,5,2,6,5)
	26
	(0,6,5,6,6,1)

	11
	(0,2,7,3,1,0)
	27
	(0,6,7,7,1,4)

	12
	(0,3,1,6,5,5)
	28
	(0,7,1,2,5,1)

	13
	(0,3,3,4,3,1)
	29
	(0,7,3,0,3,5)

	14
	(0,3,5,5,6,4)
	30
	(0,7,5,1,6,0)

	15
	(0,3,7,5,2,2)
	31
	(0,7,7,1,2,6)


Table 3: Minimal-PAPR sequences of length 6 (PAPR 2.32 dB)

Let  be the number of non-zero carriers in the . Although limited here to 24 dimensions, longer sequences can also be used if needed. The transmitted sequence in each OFDM symbol is indexed by two parameters . The frequency offset is in the range  and corresponds to the first non-zero element in the vector. The parameter  corresponds to a cyclic-shift in the range . Let  be the base sequence used for symbol , the transmitted sequence is then given by

In the simple case where ,  corresponding to a single non-zero resource element for symbol .
The choice of  should be dependent on the transmitted message but also scrambled by a pseudo-random sequence initialized by system parameters such as the cell identification number, user-dependent higher-layer configuration or user identification numbers. This will ensure both whitening of the spectral characteristics of the transmitted waveform as well as exploiting frequency diversity to fading and interference through frequency hopping via . For the purpose of this discussion, we can consider that

where  are the pseudo-random components that are symbol and system parameter dependent, while  are the message dependent components. 
Signal Code
Two possibilities are considered in this proposal depending on the combinatorial configuration of the resource grid and number of bits . In the case where , there are sufficient signaling dimensions to allow for orthogonal transmission and an -dimensional DFT-based orthogonal code is used for the  sequence. There are two sub-cases depending on the  and  described below. 
When there are insufficient signaling dimensions to allow for orthogonal transmission we make use of an  non-coherent code as described in [1] (first patent) to generate the  sequence as described below.
In both cases we choose  and without loss of generality assume that the  bits  correspond to the least-significant bits of the message   . Below we specialize to the two individual cases.
Orthogonal outer-code (
We consider two sub-cases.
1. (Orthogonal A). The sub-case satisfies the orthogonal outer code consists of any combination of  -dimensional vectors from the set {. In this case, we set, and is selected as element from the chosen set.  
2. (Orthogonal B). For  we set,  and choose any combination of  -dimensional vectors from. is selected as element from the chosen set.  
Note that in the Orthogonal A sub-case, the message-dependent frequency-shift ( is independent of the bits. In the Orthogonal B sub-case, the message-dependent frequency-shift ( depends on the bits, but still allows for detection of the  bits independently of the  bits without ambiguity. In both cases, both unequal error protection and reduced-complexity decoding can be exploited, even if  and are not powers of 2.
Non-coherent code ()
In this case we set and choose  as codeword  from the  code described in a binary or quaternary alphabet (BPSK/QPSK) . The codes are described in the standard way via their generator matrix parametrized by 

For BPSK the input, output and generator matrix elements are binary and addition and multiplication are assumed to be modulo 2. For QPSK, the input is binary but transformed to the integers modulo 4 and all required arithmetic operations (addition, subtraction and multiplication) along with the generator matrix elements are assumed to be modulo 4. The QPSK coded-modulation scheme is based on [Knopp94] and adapted to the current low-spectral efficiency scenario. For both BPSK and QPSK, the encoding process takes a -bit information vector  and generates an -dimensional coded vector,, as , where  for BPSK. For QPSK and even values of B , . For QPSK and odd values of B 

The codes are designed to minimize the pairwise correlations of the resulting sequences and can be found numerically by a reduced-complexity algorithm. 
Similar to the orthogonal case, detection of the  bits is possible independently of the  bits without ambiguity and will thus allow for both reduced-complexity decoding and unequal error protection.
Unequal Error Protection and Reduced-Complexity Receivers
Firstly by construction (when , the error probability for the first  bits can be made lower, offering unequal error protection. A two-step receiver, which first decodes  by non-coherently combining the  received symbols can significantly reduce computational complexity, especially in the case of the larger payload sizes. 
Consider the general case of the detection problem


Where  where is the complex channel response for OFDM symbol and subcarrier  on antenna port . A near-optimal receiver for a completely unknown channel realization is

Alternatively, we propose a simpler low-complexity receiver, which first detects the  bits and then using this hypothesis separately detects the remaining  bits.
Specifically, consider first the case , corresponding to the Orthogonal A scheme or the non-coherent code for the non-orthogonal case. The simplified detector for the first  bits is

The remaining bits are then computed as

and the overall hypothesis is . From a complexity standpoint, in the first step, the number of complex multiplications  is , while in the second it will be . The total for  is 3920 complex multiplications. This should be compared to the full receiver in (2) which would require 344064 complex multiplications. Performance can be increased by creating a list of several hypotheses in addition to the one corresponding to the maximum in (2) at the expense of increasing the second term governing the complexity. For example, with two hypotheses, the total complexity would rise to 7504 complex multiplications.
For the Orthogonal B case the two-step detector is slightly modified as:


Simulation Results
We now provide some initial simulation results to show the benefit of the proposed techniques in comparison to Release-15 baseline configurations. These will be calibrated with reported simulations in ongoing 3GPP contributions. The simulations use the following assumptions: 14 OFDM symbols, 1 PRB,TDL-C NLOS channel model, 2 and 4 antenna configuration with independent and identically distributed realizations on the antenna ports (i.e. no correlation). The simulation used a 2.6 GHz model with a 100 MHz BWP and 10Hz Doppler. Both the proposed schemes and the baseline use Frequency-hopping on opposite ends of the BWP. Rel-15 baseline comparison is PUCCH 3 with -BPSK modulation and advanced receivers (joint detection/estimation) to allow the comparison to be as fair as possible.
4-bit transmission over 14 symbols (1 PRB)

[image: ]The low-PAPR transmission configuration uses 3-bits to select a PUCCH 0 type sequence (12 resource elements) for  and 1 bit to select the time-domain sequence.Figure 4 4-Bit Transmission, 14 Symbols, 1 PRB. BLER Comparison with Rel15 Waveform

[bookmark: _GoBack]In this figure we see an improvement of 1-1.5 dB at 1% BLER. It should be noted that the 1% PAPR outage for this PUCCH 3 configuration is 4.78 dB. This corresponds to an overall improvement of the Uplink link budget of 6 dB. 
11-bit transmission over 14 symbols (1PRB)
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Figure 5: 11-bit Transmission, 14 symbols , 1 PRB
In this scenario we show the potential for using unequal error-protection. For
Interference Mitigation and Multiple-Access	
The transmission method described in this proposal has the added by-product of providing significant mitigation for inter-cell interference where similar PUCCH transmissions from adjacent cells are received by the gNodeB . This is the case when the transmission scheme is configured with a small number of non-zero elements (1,3,6) in the low-PAPR sequences and consequently many dimensions for frequency-hopping. If the cell-specific parameters provide randomization of the hopping sequence, interference from adjacent cells will not fall on the same frequency resources as the target transmission with high probability and will thus not greatly affect the probability of correct detection. Moreover, because of the bursty nature of the transmission scheme, it will also be tolerant to very high interference levels.  The same method could equally be applied for multiple-access within the same cell through appropriately chosen hopping patterns by the gNodeB. This would be similar to the orthogonal spreading sequence approach used in PUCCH format 4 in the current 5G NR specifications. 


[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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